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SUMMARY
The w ork  p re se n te d  in  th is  th e s is  w as concerned  w ith the 
g en e tica l a n a ly s is  of H erpes sim plex  v iru s  Type 1 (Glasgow s tra in  17). 
The study involved the  u se  of two types of m utant:*
(1) C onditional le th a l m utan ts of the te m p e ra tu re  sen sitiv e  
(ts) type which a re  able to grow  a t 31® (the p e rm iss iv e  
te m p e ra tu re )  but not at 38® (the n o n -p e rm iss iv e  te m p e ra tu re ) . 
(The w ild type v iru s  grow s equally  w ell a t both 
te m p e ra tu re s ) .
(2) A plaque m orphology m utan t with ex trem e  syncy tia l 
m orphology (syn) deriv ed  fro m  the n o n -sy n cy tia l (syn-f) 
w ild type. T hese m utan ts w ere  iso la ted  by P ro fe s s o r  
J . H. Subak-Sharpe.
The ex p erim en ts  p re se n te d  in R esu lts  I w ere  concerned  w ith 
som e of the g e n e ra l physio log ica l p ro p e r tie s  of the wild type and 
m utant v iru se s . In grow th e x p e rim e n ts , it  w as found th a t the 
am ount of grow th exhib ited  by each  of the m utan ts a t the 
n o n -p e r m iss iv e  te m p e ra tu re  w as ap p rec iab ly  low er than  a t the 
p e rm iss iv e  te m p e ra tu re . Using heat inactiva tion  ex p e rim e n ts  to 
investiga te  the n a tu re  of the ^ d e f e c t s ,  the re s u lts  showed tha t none 
of the m utan ts w as m o re  o r  le s s  heat stab le  than  the w ild type v iru s . 
F ro m  an an a ly sis  of the  effect of the sou rce  of the v iru s  on in fec tiv ity , 
it w as concluded th a t th e re  w as a d iffe rence  in in fec tiv ity  depending
on w hether the v iru s  w as spontaneously  o r  a r tif ic ia lly  re le a se d  
fro m  c e lls .
In o rd e r  to d e te rm in e  the num ber of functional groups so fa r  
iden tified , ta  m u tan ts w ere  studied fo r th e ir  ab ility  to com plem ent 
in m ixed in fec tions a t the n o n -p e rm iss iv e  te m p e ra tu re  (R esu lts II). 
Using two types of com plem enta tion  a ssa y , the nine t s  m u tan ts w ere  
a ssigned  to eight c is tro n s . Making use  of the two ty p es of te s t  
substan tia ted  the a ss ig n m en ts .
T w o-fac to r c ro s s e s  involving d iffe ren t p a ir s  of t s  m u tan ts 
w ere  u sed  to exam ine the p o ss ib ility  tha t a recom bina tion  m echan ism  
e x is ted  fo r HSV:1 (R esu lts III). The p ro p o rtio n  of progeny  p laques 
which p la ted  at 38® (the p ro p e rty  of ts-f v iru s) w as in c re a se d  among 
the p rogeny  of m ixed in fec tions re la tiv e  to the c o n tro l single p a re n t 
in fec tions. This r e s u l t  ind icated  th a t recom bina tion  did o ccu r and 
w as su b stan tia ted  by showing in progeny te s ts  th a t the pu tative  ts-f 
recom binan ts  w ere  in fac t t ru e  recom binan ts . N on-syncy tia l 
re v e r ta n ts  iso la ted  fro m  the o rig in a l t s  syn m utan ts w ere  used  in 
re c ip ro c a l th re e - fa c to r  c ro s s e s  of the type; t s X syn x t s Ysyn-f 
and tsXsyni- x tsY syn . With recom bination  da ta  fro m  th ese  c ro s s e s  
a linkage m ap has been  co n stru c ted . The p ro v is io n a l m ap which 
lo ca te s  nine c is tro n s  is  l in e a r , gives reaso n ab ly  additive m ap d is tan ces  
and spans about 25 m ap u n its .
The n a tu re  of p laques with m ixed syn / syn-f m orphology which 
w ere  a  re g u la r  o c c u rre n c e  in the p rogeny fro m  syn x syn-f c ro s s e s
w as investiga ted  using  ph y sica l and genetic a l techn iques (R esu lts IV), 
The re s u lts  so fa r  obtained , suggest tha t the m ixed p laques a re  
produced  fro m  single v iru s  p a r t ic le s  which a re  gene tica lly  heterozygous 
and not fro m  som e a sso c ia tio n  of hom ozygous p a r t ic le s .
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INTRODUCTION
I * H erpes V iru se s .
A. D isco v ery .
The w ord H erp es , d e riv ed  fro m  the G reek  w ord egiCfîci/ m eaning 
to c reep  has been used  in m edicine fo r m o re  than  tw enty five 
c en tu rie s . In the H ippocratic  C orpus the te rm  w as applied  to 
sp read ing  cutaneous les ions of v a ried  etiology (B esw ick, 1962).
An account of H erpes lab ia lis  appeared  in the seven teen th  cen tu ry , 
followed by c a tta rh a lis ,  p ro  gen ita lis , faeca lis  and sim plex  in the 
e ighteenth  and n ineteen th  cen tu rie s .
The f i r s t  to show th a t H erpes fe b r il is  was in fec tious w as Vidal 
in 1873. However it was not un til 1919 that any In te re s t  was shown 
in. th is  finding, a f te r  Low enstein  published evidence th a t H erpes 
k e ra tit is  and lab ia l!s  y ielded  a v iru s  that would produce c h a ra c te r is t ic  
les ions on the co rn ea  of a rabb it. In 1938 D o e rr questioned the ro le  
of H erpes sim plex  a s  an in fec tious agent a s  it did not ap p ear to be 
tra n sm itte d  fro m  one individual to ano ther but a ro se  endogenously 
w ithin the individual a f te r  non specific  s tim u li. C o n tra ry  to a ll  the 
ru le s  of v iru s -h o s t in te rac tio n s  w as the finding by A ndrew es and 
C a rm ich ae l (1930), th a t m ost n o rm a l adults in a  population p o sse s s  
n eu tra lis in g  antibody ag a in st H erpes sim plex  v iru s  in the blood and 
th a t r e c u r re n t  H erpes infections develop only in those w ith n eu tra lis in g  
antibody. In 1938, Dodd e lucidated  the ro le  of H erp es sim plex  v iru s
as  a  d ise a se  producing  agent by iso lating  the v iru s  rep ea ted ly  from  
the m ouths of in fan ts w ith an acu te  fo rm  of v e s ic u la r  s to m a titis .
The ro le  w as con firm ed  by B urne tt and W illiam s (1939) who 
d em o n stra ted  th a t:-  (1) Infants developed n eu tra lis in g  antibody during 
the  p e rio d s  of convalescence  fro m  v e s ic u la r  s to m a titis  and that (2) 
H erpes sim plex  in fec tions ap p ear to p e rs is t  fo r life  and tha t v iru s  
can be iso la ted  fro m  indiv iduals with r e c u r re n t  in fec tions. It soon 
becam e evident th a t p r im a ry  infections by H erpes sim plex  v iru s  a re  
com m on in m an and a fte r  re c o v e ry  the v iru s  a p p e a rs  to e n te r  into a 
la ten t s ta te . Only a fte r  the d isco v ery  of the causa tive  agent did it 
becom e c le a r  th a t H erpes g en ita lis , faeca lis  and fe b r i l is  w ere  a ll  
d iffe ren t c lin ica l m an ifes ta tio n s of the one d ise a se . H erpes sim plex,
B. C atalogue of v iru se s  belonging to  the H erpes jgroup.
H erpes v iru se s  a re  defined a s  la rg e  enveloped v irio n s  with a 
w ell defined ico sah e d ra l caps id consisting  of 162 c ap so m e res  
a rra n g ed  around a DNA co re . The v iru se s  u sua lly  included in the 
group a re  H erpes sim plex , B v iru s , m a rm o se t v ii 'u s , p seudo rab ies  
v iru s , equine h e rp e s , v a r ic e lla  z o s te r  v iru s , cytom egalo  v iru s , 
a  num ber of bovine, canine, avian, rab b it and feline  h e rp e s  v iru se s . 
Among the m o st in te re s tin g  a sp ira n ts  fo r  inclusion  into the group 
a re  the v iru se s  a sso c ia ted  w ith B u rk itt 's  lym phom a, M a rek 's  d ise a se  
of fowls and poss ib ly  the v iru s  a sso c ia ted  w ith L u ck e 's  adenocarc inom a 
of fro g s .
3.
G. S tru c tu re .
Inform ation, concern ing  the s tru c tu re  of H erpes v iru se s  has 
been b asica lly  d e riv ed  fro m  th re e  so u rces .
(1) Thin sec tions of in fec ted  c e ils  observed  in the e le c tro n  m icroscope. 
(Z)  N egatively  sta ined  p re p a ra tio n s  of v iru s  ob serv ed  in the 
e lec tro n  m ic ro sco p e .
(3) C hem ical and b io log ica l s tud ies of iso la ted  com ponents.
In th is  study we a re  p r im a r ily  in te re s te d  in H erpes sim plex  
v iru s  and th e re fo re  the following inform ation  is confined to th is  
m em b er of the H erpes group. The v iru s  c o n s is ts  of a  c o re , 
containing double s tranded  DNA of m o lecu la r w eight 105 x 10^ daltons 
(W ilkie, 1972). The genom e eiae and redundancy has been  studied 
by ren a tu ra tio n  k in e tics  (F ren k e l and E oizm an, 1971). The DNA 
w as sh eared  to un ifo rm  fra g m e n ts , denatu red  by heating  and allow ed 
to r e a s s e r t .  The reac tiv a tio n  reac tio n  was shown to follow second 
o rd e r  k in e tics  w ith a  single ra te  constan t, indicating  th a t a t le a s t 
95% of the genom e la unique and th a t rep e titiv e  sequences if p re se n t 
w ere  not d e tec tab le . The k inetic  com plexity  of the genom e was 
d e te rm ined  by the DNA ren a tu ra tio n  k in e tics  to be 95 i  1 x 1 0 ^  
daltons. Since th is  w as in  exce llen t ag reem en t w ith  the  m o lecu la r 
w eight of v ira l  DNA obtained by velocity  sed im en ta tion  s tu d ies , it 
w as concluded th a t v irio n s  contain only one sp ec ie s  of double stran d ed  
DNA m o lecu les . Evidence of th is  kind on the n a tu re  of HSV, DNA 
is  im portan t fro m  the point of view  of genetic s tud ies .
T h e  c o r e  a n d  s u r r o u n d i n g  c a p s  i d  c o m b i n e  to  f o r m  a n u c l e o c a p s i d  
w l i i c h  i s  i n  t u r n  s u r r o u n d e d  a n  e n v e l o p e .  A  n u m b e r  o f  s t r u c t u r e s  
h a v e  b e e n  o b s e r v e d  w h i c h  a r e  t h o u g h t  to  m a k e  u p  t h e  e n v e l o p e d  
n u c l e o c a p s i d .  T h e s e  a r e  (a) a  c o r e  2 5 - 3 0  n m  i n  d i a m e t e r ,  (b) a n  
i n n e r  c a p s i d  10 n m  t h i c k ,  (c) a  m i d d l e  c a p s  id  15 n m  t h i c k ,  (d) a n  o u t e r  
c a p  a i d  1 2 - 1 5  n m  t h i c k  a.nd c o n s i s t i n g  o f  162 c a p s o m e r e s ,  (e) a n  
i n n e r  e n v e l o p e  10 n m  t h i c k  a n d  (f) a n  o u t e r  e n v e l o p e  a p p r o x i m a t e l y  
20 n m  t h i c k .  A  d i a g r a m ,  o f  t h e  s t r u c t u r e  o f  H S V  i s  s h o w n  b e l o w .
" ou t er  envei
c o r e
o u t e r  capsid
inne r  capsid
inne r  e nv e l op e
The p re sen c e  of six  of th ese  com ponents has been d isc e rn e d  
and confirm ed by m o re  than  one sou rce  (M organ e t a l. , 1953, 1954, 
1958, 1959, I960; E p ste in , 1962a, 1962b; Spring and R oiam an, 1968). 
The m o st ex tensive stud ies of the v ira l  capsid  w ere  those  c a r r ie d  
out by Wildy e t a l. , (1960). T heir da ta  showed th a t the nucleocapsid  
of the v iru s  contained 162 cap so m eres  a rra n g ed  in 5, 3, 2 ax ia l 
sym m etry  to fo rm  an icosahedron . The e x p e rim en ts , c a r r ie d  out 
using  phosphotungstate  ac id  sta in ing , showed th a t the cap so m eres  
w ere  hexagonal in shape. The ex istence  of a  m iddle capsid  was 
f i r s t  rep o rte d  by Wildy, who observed  a p a rtic le  77. 5 nm  in d iam e te r  
which w as ca lcu la ted  to be able  to be derived  fro m  a com plete 
p a r tic le  (105 nm) by stripp ing  a  la y e r  of cap so m eres  12, 5 nm  thick.
Spring et a l. (1968) found a p a rtic le  s im ila r  in s ize  to that 
obse rved  by Wildy in p re p a ra tio n s  of v iru s  which had been cen trifuged  
through G sCl. The co re  of the capsid  would ap p ea r to be su rrounded  
c lo se ly  by a beaded s tru c tu re  which has been ca lled  the inner capsid . 
B earing  in m ind the re se rv a tio n s  which have to be taken  into account 
when analysing  e le c tro n  m ic ro sco p e  o b se rv a tio n s, it would appear 
fro m  the re p o r ts  tha t the s tru c tu re  of the nucleocapsid  has been 
fa ir ly  thoroughly  e lucidated  and confirm ed.
D. E nvelopm ent and the ro le  of the envelope.
Wml ■«,« in I ,  II HP I I     w  Mwn iii.a i m im ii»i»ii»w > r ii if inji
On© of the m o st c o n tro v e rs ia l a sp ec ts  of the s tru c tu re  of the 
h e rp e s  v irio n  is  the so u rce  of the envelope and the ro le  of the
6«
envelope in  the in fec tious p ro c e ss . The envelope has been 
e s tim a ted  to be about 20 nm  th ick  but can v a ry  co n sid erab ly  in 
size  and shape fro m  being quite tigh tly  adhering  to the capsid  to 
being la rg e , floppy and am orphous, (Spring e t a l . , 1968). Although 
num erous p a p e rs  have d ea lt w ith the sou rce  of the envelope in 
v arious c e ll  l in e s , no unam biguous conclusions have been reached .
The m ain  p ro b lem  seem s to be in the ana ly sis  of e le c tro n  m ic ro g rap h s  
of th in  sec tions of infected  c e lls  and w hether it  is  va lid  to  compound 
the s ta tic  p ic tu re s  obtained into an o v e ra ll sequence of events during 
the p ro c e s s  of envelopm ent of the  nucleocapsid . In sp ite  of these  
p ro b lem s of in te rp re ta tio n , g e n e ra l ag reem en t has been  reach ed  on 
c e r ta in  p o in ts :-  (1) The s ite  of envelopm ent is  in g e n e ra l the n u c lea r 
m em brane . P a r t ia l ly  enveloped p a r tic le s  a re  m o st frequen tly  seen  
in apposition  to the in n er lam ellae  of the n u c lea r m em brane  and 
enveloped p a r t ic le s  a re  o b se rv ed  betw een the in n e r and o u ter lam ellae  
(M organ et a l, , 1959; W atson et a l. , 1964). (2) It would ap p ear tha t
envelopm ent m ay a lso  o ccu r in the cy top lasm . F req u en tly  p a rtia lly  
enveloped p a r t ic le s  a re  ob se rv ed  in the cy top lasm  in apposition  to 
undefined cy top lasm ic  m em b ran es (E pstein , 1962a). (3) It is  thought
th a t the enveloped p a r t ic le s  in the cy top lasm  a re  t r a n s fe r r e d  to the outside 
of the c e ll  in  vacuo les by a p ro c e ss  akin to re v e r s e  p inocy tosis .
How ever tubu les have been seen  o rig inating  fro m  the o u te r  lam ellae  
of infected c e lls  and opening into the e x tra c e llu la r  fluid (Schwartz 
and R oism an , 1969). T hese have been seen  to contain  enveloped
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v irio n s . It would ap p ear th e re fo re  tha t th e re  m ay be two fo rm s 
of e g re s s  of the enveloped v irio n  into the e x tra c e llu la r  fluid.
It has been suggested  th a t, as w ell as the s tru c tu re  which is 
g en era lly  r e f e r r e d  to  as the envelope, th e re  is  ano ther s tru c tu re  
which has been ca lled  the in n er envelope and th is  is  thought to f ill  
the space betw een the capsid  and the o u te r envelope. It is postu lated  
th a t only nucleocapside  which a re  covered  by th is  in n er envelope 
acquit© an affin ity  fo r  the n u c le a r m em brane  and so obtain  an 
o u te r envelope. The d isco v ery  of enveloped v irio n s  (Wildy et a l , ,
I960), ra is e d  the question  w hether e ith e r  o r  both a re  in fec tious. 
D ifferen t p re p a ra tio n s  of v iru s  v a ry  g rea tly  in the re la tiv e  
p ro p o rtio n s of enveloped and naked p a r tic le s . H olm es and W atson 
(1961) c o rro b o ra te d  by S iegert and Falke (1966) rep o rte d  th a t 
enveloped v irio n s  w ere  m o re  read ily  adsorbed  to c e lls  than  naked 
ones but they  ind icated  th a t th is  m ay only re f le c t a size  d ifference . 
Subsequently (W atson et a l, , 1964) rep o rted  th a t in som e 
p re p a ra tio n s  the num ber of plaque form ing un its  exceeded  the 
num ber of enveloped p a r t ic le s . T his led  to the conclusion  th a t both 
p a r t ic le s  w ere  p robab ly  in fectious but not w ith the sam e efficiency.
This conclusion  w as challenged by Sm ith (1964) who rep o rte d  sep ara tio n  
of enveloped and non-enveloped p a r tic le s  by iso  pycnic cen trifuga tion  
in CsGl, How ever C sG l was found to be d e le te rio u s-b y  causing  
d isagg rega tion  of the v irio n  (Spring and R oizm an 1967; Spring et 
a l. . 1968).
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Although it  is  w ithout doubt th a t enveloped p a r t ic le s  a re  
in fec tious, the question  a s  to w hether o r not naked p a r t ic le s  a re  so 
re q u ire s  the  abso lu te  sep a ra tio n  of the two types of p a r tic le .
N um erous a ttem p ts  have been m ade to se p a ra te  the p a r t ic le s  and 
som e have had a lim ited  am ount of su ccess . T here  have been 
re p o r ts  of sep ara tio n  using p o tass iu m  ta r t r a te  g rad ien ts  (N o rc ro ss  
e t a l. , 1963) and su c ro se  g rad ien ts  (L evitt and B eck er, 1967; 
O lshevsky and B eck er, 1970; Stein et a l. 1970; A ure lian  and W agner, 
1966). However even although sep ara tio n  is  a tta ined  a t the leve l of 
99% of one type of p a r tic le  in a band, the 1% of the o th e r type does 
not p e rm it an unbiased  an sw er to the question. The envelope can 
ea s ily  be rem oved by using ©. g. d e te rg en ts  but then  the question  is 
w hether the lack  of in fec tiv ity  is  due to the fac t th a t the p a r tic le  does 
not have an envelope, o r to som e o th er d e le te rio u s  effect of the 
d e te rg en t. The question  could be answ ered  u s i n g ^  m utan ts if 
com plete sep ara tio n  could be achieved* By m ixedly  Infecting c e lls  
w ith enveloped p a r t ic le s  of one ts  m utant and naked p a r t ic le s  of 
ano ther com plem enting ts  m utant and de term in ing  w hether 
com plem entation  o r  recom bination  w as taking p lace  it could be 
a sc e r ta in e d  w hether o r  not naked p a r tic le s  w ere, even if not fully  
infectious a t le a s t  s t i l l  b io log ically  active* How ever fo r  the p re se n t 
a com plete sep a ra tio n  has not been achieved. The r e a l  p ro b lem  lie s  
in the fac t th a t th e re  is  a  wide sp ec tru m  of p a r t ic le s  fro m  com plete ly  
naked to com plete ly  enveloped* R ecently  (Schaeffer e t a l. , 1971)
have iso la ted  a_t£ m utant of HSV Type 1 which is lacking in its  
envelope p ro te in  but is  s t i l l  in fectious a.t the p e rm iss iv e  te m p e ra tu re .
E . The in fec tious p ro c e ss .
(1) A dsorption.
The p ro c e ss  of adso rp tion  of HSV to ce lls  has been studied 
using the e le c tro n  m ic ro sco p e . The ra te  of ad so rp tion  is  known 
to be dependent on the volume of v iru s  Inoculum , the p resen c e  
of ca tions , the m etabo lic  s ta te  of the ce lls  but not on the 
te m p e ra tu re  of incubation w ithin the lim its  of 0-37®, during the 
p ro c e ss . H olm es and W atson (1961) found th a t a ttachm en t and 
p en e tra tio n  of v iru s  p a r t ic le s  w ere  d isso c ia ted  and th a t enveloped 
p a r t ic le s  ad so rb ed  m o re  read ily  than naked ones. How ever, 
H ochberg and B ecker (1968) found that both enveloped and naked 
HSV p a r t ic le s  w ere equally  adso rbed  to BSC 1 c e lls  and concluded 
tha t both types of p a rtic le  w ere  in fectious. They found that 
ad so rp tio n  to the ce ll su rface  s ta r te d  im m ed ia te ly  on the addition 
of v iru s  and tha t the num ber of p a r tic le s  on the c e ll su rface  
g radually  in c re a sed  u n til 3 h rs  a f te r  infection. A dsorption  was 
found not to be affected  by the addition of in h ib ito rs  of p ro te in  and 
nucle ic  ac id  sy n th esis . Using heparin  they  found th a t the f i r s t  
stage in the a ttachm en t of the v iru s to the c e ll  su rface  was 
e le c tro s ta tic  in n a tu re . As yet nothing is  known of the natu re  
of c e ll  re c e p to rs  and c e lls  n a tu ra lly  lacking re c e p to rs  fo r HSV 
have not been d esc rib ed .
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(2) P e n e tra tio n .
The p ro c e ss  of p en e tra tio n  has a lso  been  studied using 
the e le c tro n  m ic ro sco p e . The p ro c e ss  is  known to be te m p e ra tu re  
dependent. H olm es and W atson (1961) working w ith infected  
BHK21/G13 c e lls  concluded th a t the v iru s  w as taken  in by a 
p ro c e ss  of p inocy to sis . They pointed out the lim ita tio n s of th is  
type of investiga tion  in tha t it is  never c e r ta in  w hether the a c tu a l 
infecting p a r t ic le s  m ay  be undergoing p ro c e s s e s  ra th e r  d iffe ren t 
fro m  th a t undergone by the m a jo rity  of the o b se rv ed  p a r tic le s . 
Although they fe lt c e r ta in  tha t the infecting p a r t ic le s  e n te r  by 
p inocy tosis they did not exclude the p o ss ib ility  of undetected  
p a r t ic le s  en te rin g  by ano ther rou te . M organ e t a l. , (1968) 
w orking w ith H SV -infected He La c e lls , lis ted  five steps in the 
p ro c e ss  of in itia tion  of infection. T hese a re  (1) a ttachm en t,
(11) d igestion  of the v ira l  envelope, (111) d igestion  of the ce ll 
m em b ran e , (Iv) p a ssag e  of the nucleocapsid  d ire c tly  into the 
cy top lasm  and (v) d igestion  of the capsid  w ith re le a s e  of the co re . 
M organ suggested  th a t although p inocy tosis cannot be ru led  out 
a s  the p ro c e ss  by which HSV in itia te s  infection , th re e  observations 
seem ed  c o n tra ry  to th is  concept. F i r s t  p inocy tosis  cannot 
exp lain  the fo rm ation  of po lykaryocytes which re s u l t  fro m  c e ll 
fusion. Secondly in th e ir  o b se rv a tio n s it w as fa r  m o re  comm on 
to encoun ter v iru s  in the p ro c e ss  of d igestion  a t the c e ll  su rface  
than  to find it  w ithin vacuo les. T h ird ly , w h ereas capsida and 
c o re s  w ere  rep ea ted ly  found in the cytoplasm * stag es  in th e ir
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re le a s e  fro m  vacuo les w ere  not observed . M organ 's  o bserva tions 
showed tha t the f i r s t  stage of e n try  appeared  to be a ttachm en t 
of the v ira l  envelope to the c e ll  su rface , follow ed by the 
d is in te g ra tio n  of the v ira l  envelope ad jacen t to the c e ll su rface .
The te m p e ra tu re  dependence of th is  rea c tio n  suggested  th a t it 
w as due to enzym ic d igestion . The rem ain ing  v ira l  envelope 
w as then  shown to fuse  w ith the ce ll w all and the w all of the c e ll 
subsequently  d is in teg ra ted . It w as suggested  th a t an enzym e 
capable of d igesting  the c e ll w all is  ac tiva ted  by the v iru s  a t the 
s ite  of a ttachm en t. The ex istence  if a  th ird  enzym e capable of 
a ttack ing  the  cap sid  w ithin the cy top lasm  w as a lso  postu la ted .
It would appear th e re fo re  tha t th e re  m ay be two a lte rn a tiv e  
m echan ism s involved in the p ro c e ss  of p ene tra tion . The fac t that 
M organ e t a l. a re  the only w o rk e rs  who have ob serv ed  the events 
d e sc rib e d  above,could be explained by the  fac t th a t the events 
occu r quickly and could th e re fo re  be e a s ily  m isse d  o r  th a t they 
have been  seen  but not recogn ised . F u r th e r  light m ay be throw n 
on the sub jec t when the  enzym es involved in the p ro c e ss  of en try  
have been iso la ted  and c h a ra c te r is e d .
(3) R eproductive  cy c le .
The du ra tio n  of the rep roduc tive  cycle is  known to be 
affected  by the te m p e ra tu re  of incubation, the type of ce ll being 
in fected , the physio log ical s ta te  of the c e lls , the v iru s  s tra in , 
the m u ltip lic ity  of infection and p r io r  infection  of the c e lls . The
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y ield  fro m  infected  c e ils  in c re a s e s  fro m  the end of the ec lip se  
phase  to the end of the cycle. The length of the grow th cycle 
v a r ie s  fro m  about 12-24 hours and the b u rs t  s ize  is  on av erag e  
100 infectious p a r t ic le s /c e l l  depending on the fa c to rs  sta ted  
above.
F . P laque fo rm ation .
P laque fo rm atio n  la based  on the p rinc ip le  th a t an in fec tious v iru s  
w hich com es into con tact w ith a  suscep tib le  c e ll  w ill m ultip ly  w ithin 
the c e ll  and d e s tro y  it. The newly form ed v iru s  p a r t ic le s  w ill then  
be re le a se d  and sp read  to the o th er ce lls  in the cu ltu re . If th is 
p ro c e ss  is  confined to the neighbouring c e lls , a  reco g n isab le  focus 
of d estroyed  c e lls  w ill be form ed fo r ev ery  in fec tious v ira l  p a rtic le  
which has infected  a ce ll of the m onolayer cu ltu re . With HSV, 
plaques a re  a lso  fo rm ed  without the re le a s e  of v iru s  fro m  the c e lls . 
T hese a re  syncy tia l p laques and a re  form ed by the fusion  of an 
infected c e ll  w ith the su rround ing  non-infected  c e lls  to  fo rm  a giant 
m u ltinuclea te  fused  ce ll.
Using the finding of Andrew©s (1930), tha t H erpes w ill m ultip ly  
even in the  p re se n c e  of im m une se ru m , B lack and M elnick (1955) 
showed that p laques of H erpes B v iru s  w ill fo rm  in m ono layers of 
m onkey kidney c e lls  incubated with specific  an tise ru m . This has 
since been shown to be tru e  w ith o th er m em b ers  of the H erpes group. 
The a n tise ru m  p rev en ts  v iru s  re le a se d  into the m edium  fro m  infecting
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c e lls  a t random  but does not p rev en t the passag e  of in fec tious v iru s  
from  c e lls  to neighbouring c e lls , thus p e rm ittin g  reco g n isab le  
p laques to be fo rm ed . The size  of the plaques fo rm ed  depends 
on the v iru s  s tra in  and the c e ll type. C ells m ay a lso  be infected  in 
suspension  and then p la ted  in p e tr i  d ish es. The non-in fec ted  c e lls  
grow to fo rm  m ono layers in w hich the in fec ted  c e lls  fo rm  foci of 
infection and secondary  plaque fo rm ation  is p reven ted  by the addition 
of a n tise ru m  to the overlay  m edium  (R ussell, 1962).
G. M acrom ole c u la r  syn thesis  during  the rep roduc tive  cycle.
(1) DNA.
R ecen t s tud ies on the host c e ll and the v ir a l  DNA syn thesis 
in synchronous c u ltu re s  of KB c e lls  infected  a t d iffe ren t s tages 
of the c e ll  cycle w ith HSV showed that in itia tion  of DNA syn thesis 
is  independent of S, G1 and G2 phases of the m ito tic  cycle  in the 
h ost c e ll. HSV DNA sy n thesis  w as in itia ted  2 /3  h o u rs  a f te r  
Infection. The ra te  of syn thesis  was shown to in c re a se  rap id ly  
reach ing  a m axim um  4 hours a f te r  infection and d e c rea s in g  to 
50% of the m axim um  by 8 h o u rs . It w as concluded tha t HSV 
can inhibit both the on going syn thesis  of h ost DNA a s  w ell a s  
the in itia tion  of the  S phase  (Cohen et a l . , 1971).
F o r  su ccessfu l com pletion  of the in fec tious p ro c e ss  HSV 
re q u ire s  the infected  c e ll to contain the enzym es needed fo r b o t h ^  novo 
DNA syn thesis  and fo r DNA syn thesis d e riv ed  fro m  breakdow n
p ro d u cts . P e r e r a  (1970), showed that in m am m alian  c e lls  
infected w ith HSV, v ira l  DNA can be fo rm ed  fro m  ap p aren t 
breakdow n p ro d u cts  of ce llu la r  DNA and tha t in c e r ta in  
c irc u m sta n ce s  the infected  c e ll  m ay d e riv e  m uch of i ts  e n tire  
pool of deoxyribonucleo tides fro m  th is  so u rce . However L evitt 
and B eck er (1967) produced evidence th a t v ira l  DNA p re c u rs o r s  
m ay be produced  by continuing de novo syn thesis  in the infected  
ce ll.
(2) RNA.
E vidence has been p resen ted  tha t tra n sc r ip tio n  of v ira l  
DNA is  req u ire d  fo r v iru s  m ultip lication ; th a t v ira l  ENA is 
sy n thesised  and th a t new spec ies of po ly ribosom es ap p ea r in the 
cy top lasm  of infected  c e lls . A nnealable RNA i. e. v iru s  specified  
RNA re a c h e s  peak  leve ls  6 -7  h rs  a fte r  infection and dec lin es 
slowly th e re a f te r  (F lanagan 1967). F ro m  6-14 h r s  the 
sed im enta tion  p a tte rn s  and the size  of the RNA m olecu les 
annealab le  to DNA rem a in s  constan t.
C hrom atograph ic  and hyb rid isa tion  s tud ies  on the 4S RNA 
fro m  HSV infected  c e lls  suggested  the p re se n c e  of v iru s  specified  
a rg in y l tRNAs (Subak-Sharpe and Hay, 1965; Subak-Sharpe e t a l. , 
1966). H ow ever, fu r th e r  s tud ies using im proved  techniques have 
shown tha t no de tec tab le  HSV specified  tENAs a re  p re s e n t in 
c e lls  7-9 h rs  p o st infection (B ell e t a l. , 1971),
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(3) P ro te in  sy n th esis .
A ll p ro te in  syn thesis  in H erpes infected  c e lls  has been 
shown to o ccu r in the cy top lasm  (8ydiskis and Roizman» 1966; 
F u jiw ara  and K aplan, 1967). It has been shown th a t w ithin a 
sh o rt tim e  a f te r  infection, host po ly ribosom es begin to d isag g reg a te  
and the sp ec tru m  of p ro te in s  and g lycopro teins m ade in the infected  
c e ll  changes rap id ly  (Sydiskis and R oiam an, 1967), The evidence 
tha t these  new po ly ribosom es a re  v ira l is  based  on the finding 
tha t the RNA a sso c ia ted  with them , h y b rid ises  to v ira l  DNA 
even in the p re se n c e  of la rg e  am ounts of h o st RNA (W agner and 
R oiam an, 1969 a ,b ) . The syn thesis of p ro te in  a s  m ea su re d  fro m  
the ra te  of in co rp o ra tio n  of am ino ac id s and the am ount of 
po ly ribosom es in the cy top lasm  has been shown to re a c h  peak 
lev e ls  4 -6  h rs  p ost infection  and th e re a f te r  slowly decline .
H ow ever, it has been shown tha t th e re  is  su b s tan tia l p ro te in  
syn thesis  a s  la te  a s  12 h rs  post infection and the an a ly sis  of 
p ro te in s  m ade a t d iffe ren t tim e s  a f te r  infection , suggested  tha t 
the sy n thesis  of s t ru c tu ra l  p ro te in s  m ay be asynchronous 
(Spear and R oizm an, 1968). T ran sp o rt of v ira l  p ro te in s  fro m  
the cy top lasm  to the nucleus has been found to be re la tiv e ly  
slow (O lshevsky e t a l. , 1967; Spear and R oiam an, 1968;
B e n -P o ra t e t a l. , 1969), and th e re  is  no evidence th a t tra n s p o rt  
m ay be se lec tiv e  (Spear and R oizm an, 1970).
The leve l of ac tiv ity  of c e r ta in  enzym es r is e  a s  a re s u lt
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of infection  w ith HSY. T hese include DNA p o ly m e rase , DNase 
(K eir and Gold, 1963), dCM P deam inase  (M cGeoch and K e ir,
1968), thym idine k inase  (Kit and Dubbs, 1963a) and dTM P k inase  
(Newton, 1964), dCyd k inase  (Hay e t a l, , 1971). In g e n e ra l in 
c e lls  infected  w ith HSV, deoxypyrim idine k in ases  a r e  Induced 
and deoxy p u rin e  k in ases  a re  not (P e re ra , 1970).
At the m om ent th e re  is  no re liab le  m ethod fo r d ifferen tia ting  
betw een s tru c tu ra l  and n o n -s tru c tu ra l proteins,. Twenty four 
bands of p ro te in  in HSV infected  HEp 2 c e lls  have been identified  
e le c tro p h o re tic a lly  (Spear and R oiam an, 1972 ), The coding 
po ten tia l of HSV is  about 100 averaged  sized  p ro te in s , th e re fo re  
about 75% of the coding p o ten tia l of the v iru s  is  unaccounted fo r 
a t p re se n t. P ro v id ed  the  p ro te in s a re  e s se n tia l  fo r v iru s  
production , they  should be able to be identified  using genetic  
techn iques.
H. Conclusion.
Although the f i r s t  ex p erim en ta l tra n sm iss io n  of H erpes v iru se s  
to a  he te ro logous host w ere  p e rfo rm ed  m o re  than  ha lf a cen tu ry  ago 
and th a t since then  they  have been  the sub ject of study of m any 
thousands of p ro je c ts , re la tiv e ly  little  Inform ation  of a com prehensive  
n a tu re  is  known about them  com pared  to new er v iru se s  w ith a m uch 
le s s  i llu s tr io u s  a n c e s try . This is  p robably  due to two re a so n s .
F i r s t ,  the m o lecu la r biology of an im al v iru se s  evolved fro m  stud ies
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on pathogenesis and the p reven tion  of the d ise a se  they  cause . While 
H erpes v iru s  in fec tions of m an  m ay be se v e re , they  a re  r a re ly  
cripp ling , seldom  le th a l and they  never cause  ep idem ics of g re a t 
m ili ta ry  o r econom ic im portance . Thus i t  cam e about th a t the 
m ethodology fo r the  stud ies of H erpes v iru se s  la rg e ly  owes its  
ex is tence  to the p re s s in g  needs of re s e a rc h  on o th er v iru se s .
The second and p e rh ap s m ore  im portan t rea so n  fo r the lag in stud ies 
of H erpes v iru se s  is  th a t they  a re  among the m o st com plex v iru se s  
infecting an im al c e lls .
One objective  of the study of H erpes v iru se s  is  the  com plete  
d e sc rip tio n  of the s tru c tu re , functions, am ount and tim e  of sy n th esis  
of a ll  the p roducts  specified  by the v iru s  in the in fected  c e lls . HSY 
DNA c a r r ie s  in fo rm ation  sufficien t to specify  the sequence of 140, 000 
am ino ac id s . At p re s e n t the num ber of p roducts of HSY infection 
and th e ir  function a re  u n c e rta in . With the iso la tion  of te m p e ra tu re  
sen sitiv e  m u tan ts of the  v iru s , it is  hoped th a t H erp es specified  
p roducts w ill be able to be iden tified  and fu r th e r  ligh t w ill be throw n 
on the p ro c e s s e s  involved in the sy n th esis  of th ese  p ro d u c ts . However 
it seem s un likely , th a t w ith a  v iru s with so la rg e  an in fo rm ation  
content, th a t the e n tire  content w ill e v e r  be de te rm in ed .
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The ex p erim en ta l w ork p resen te d  in th is  th e s is  d e sc r ib e s  the 
s ta r t  of the genetic a n a ly s is  of HSV Type I using p rin c ip a lly  
te m p e ra tu re  sen sitiv e  (ts) conditional le th a l v iru s  m u tan ts. The te  
m utan ts have been analysed  with re sp e c t to th e ir  ab ility  to com plem ent 
and recom bine  and som e ind ications of a p o ss ib le  in te rm ed ia te  in the 
recom bination  p ro c e ss  have been obtained. Since the genetic  
study of an im al v iru se s  is  re la tiv e ly  undeveloped and la tte r ly  has 
owed m uch of its  im petus to stud ies with b ac te rio p h ag es, the following 
section  which d isc u sse s  genetic  an a ly sis  is  based  la rg e ly  on phage 
stud ies .
II. G enetic A nalysis.
The genetic  m a te r ia l  of a v iru s  has two functions, (1) to rep lica te  
its e lf  and (2) to e x p re ss  i ts  in form ation . G enetic a n a ly s is  is  an 
a ttem p t to d e sc r ib e  the s tru c tu re  and function of the genetic  m a te r ia l  
of an o rg an ism  by m eans of an an a ly sis  of its  behav iour in a m utant 
fo rm . In te rm s  of the v ira l  genom e, genetic a n a ly s is  m ay be 
thought of a s  the estab lish ing  of a to ta l genetic m ap i .e .  a d iag ram  
of the genom e containing a ll  the genes, th e ir  num ber, sequence, 
ex tent, o rig in s  and te rm in a tio n s  in re la tio n  to the iden tity , s tru c tu re , 
function and in te rac tio n s  of th e ir  gene p roducts .
A. D iscovery  of conditional le th a l m utan ts of v iru se s .
An e r a  of v iru s  genetics began in the e a r ly  1960's w ith the 
d isco v ery  of conditional le th a l m utan ts of the phages lam bda and T4
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of E sc h e ric h ia  coll. The te rm  ’conditional le th a l m u tan t' had f i r s t  
been used  to d e sc r ib e  m utan ts of D rosophila  which w ere  e ith e r  le tha l 
under one se t of grow th conditions but which grew  re la tiv e ly  no rm ally  
under d iffe ren t grow th conditions (Hocham, 1951). Until the beginning 
of the decade v ira l  g en e tic is ts  had used  as  genetic m a rk e rs  m utant 
s tra in s  which w ere  recogn ised  p r im a r ily  on the b a s is  of a lte re d  
plaque m orphology o r  re s is ta n c e  to v a rio u s  agents. In the la te  1950's 
C am pbell had d e sc rib e d  host defective  m utan ts of the phage lam bda 
(C am pbell and B alb inder, 1958) but it w as not how ever u n til 1961 
when he iso la ted  te m p e ra tu re  sen sitiv e  m u tan ts  of lam bda (C am pbell,
1961), followed by the Iso la tion  of m utan ts of T4 th a t the fu ll 
po ten tia l of th is  c la s s  of m utan ts s ta r te d  to be explo ited , (E dgar and 
L ie la u s is , 1964). The d isco v ery  of the t s  m utan ts of T4 w as p a ra lle le d  
by the iso la tion  of am b er m u tan ts of the sam e phage (E pste in  e t a l. , 
1963). The am b er m u tan ts w ere  unable to grow  on E . co li s tra in  B, 
the n o rm al host of the T4 am b er + wild type, but they  w ere  ab le  to grow 
on o th er E. co li s tra in s . Both th ese  types of g e n e ra l conditional le th a l 
m utan ts w ere  shown to be e a s ily  obtained and to o ccu r in m any g en es- 
U nfortunately suppressifole m utan ts of the am b er type have so fa r  
been unavailab le  in an im al v iru s  sy s tem s. The t s  and a m b e r m utan ts 
in T4 w ere  found to be d is tr ib u te d  over the e n tire  length  of the genom e, 
m any being located  in  h ith e rto  unrecogn ised  genes. Thus the 
g en e tic is ts  w ere  p rovided  w ith m any new m a rk e rs  and a sim ple  m ethod 
fo r detecting  them . A lso since the new m utan ts w ere  located  in genes 
whose ex p re ss io n  w as by defin ition  n e c e ssa ry  fo r rep lica tio n , the
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b iochem ists  conld a sk  which genes w ere  re sp o n sib le  fo r e s se n tia l  
phage-induced, p ro te in s . Hence the d iscovery  of conditional le tha l 
m utan ts of T4 has led to the m o st com prehensive  and d e ta iled  genetica l 
and b iochem ical an a ly sis  of any v iru s  (E pstein  et a l. , 1963; E dgar and 
Wood, 1966).
B. N atu re  of the te m p e ra tu re  - sensitive  d e fec t.
T em p era tu re ^ sen s itiv e  m u tan ts have a  m ore  re s t r ic te d  
te m p e ra tu re  range  fo r grow th than the wild type. U sually  but not 
invariab ly  they  w ill re p lic a te  a t the low end of the te m p e ra tu re  range 
but not a t the h igher. The se lec ted  te m p e ra tu re  a t w hich rep lica tio n  
is  p reven ted  is  ca lled  the n o n -p e rm iss iv e  te m p e ra tu re  and the se lec ted  
te m p e ra tu re  at w hich rep lica tio n  o c cu rs  the p e rm iss iv e  te m p e ra tu re . 
T em p era tu re  sen sitiv e  m u tan ts a re  m issen ee  m uta tions which re s u lt  
fro m  a lte ra tio n s  in the nucleotide sequence of wild type v iru s  ouch tha t 
the p ro te in  p roduct of the ts  m utant gens is  unable to a ssu m e  its  
c o r re c t  £uncti.onal configuration  a t the re s tr ic tiv e  te m p e ra tu re . The 
p roo f th a t ts  m utan ts a re  m xesense has been prov ided  by w ork with 
Tobacco M osaic v iru s , in  which changes in the am ino acid  sequence 
of the v ira l  polyixeptlde has been de te rm ined  fo r s e v e r a l ^  mutant© 
(W ittm an and W ittman# Liebold, 1966), U sually  the com plete  polypeptide 
specified  by the m uta ted  gen© is  sy n thesised  but i ts  function is  
defective  a t the  r e s tr ic t iv e  but n o rm al o r n e a r ly  b o  a t the p e rm is aive 
te m p e ra tu re . If the defective  p ro te in  is  a s tru c tu ra l  com ponent,
21.
v iru se s  produced  at the p e rm iss iv e  tem p e ra tu re  m ay be le s s  heat 
stab le  than  the wild type v irio n s . If the defective p ro te in  is  not 
s tru c tu ra l, the v irio n s  have the sam e heat s tab ility  a s  the wild type, 
L ikew ise v ira l  enzym es sy n th esised  by ta  m utan ts under p e rm iss iv e  
conditions m ay th em se lv es  be le s s  heat stab le  than the wild type.
C. A dvantages of conditional le th a l m u tan ts .
Since the tim e  of the f i r s t  iso la tion  of conditional le th a l m u tan ts, 
they  have becom e in c reas in g ly  im portan t too ls  in genetic  an a ly sis .
The re a so n s  fo r th is  a re  fivefo ld :- (1) They a re  easy  to se lec t as it 
is  u n n e c e ssa ry  to know which function is  a lte re d . (2) The m uta tions 
affect a la rg e  p ro p o rtio n  of the v ira l  genes. Thus a  se t of ts  m utan ts 
m ay be expected  to include som e with a lte re d  e s se n tia l  enzym es, 
som e w ith a lte re d  v irio n  p ro te in s  and som e with changed reg u la to ry  
functions. (3) The m utan ts can be used  to define the physio log ical 
n a tu ré  of the genetic  b locks by finding out fo r  each  m utan t the stage 
at which v ira l  developm ent is  a r re s te d  under re s tr ic t iv e  conditions 
by ca rry in g  out te m p e ra tu re  sh ift ex p erim en ts . (4) Mixed infections 
of c e lls  under r e s tr ic t iv e  conditions by two d iffe ren t conditional le th a l 
m u tan ts , each  of which cannot m ultip ly  on i ts  own, p e rm its  v ira l  grow th 
by com plem entation  if the m utan ts a re  in d iffe ren t c is tro n s . In th is  
way m utan ts can be a rra n g e d  in d iffe ren t groups accord ing  to th e ir  
com plem entation  p ro p e r tie s . In th eo ry  and in p ra c tic e  th is  is  tru e  
fo r a ll phages but fo r som e an im al v iru se s  com plem entation  is  ve ry
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inefficien t. (5) The m u tan ts allow  genetic  m apping by recom bination  
te a ts  betw een d iffe ren t m u tan ts.
D. C om plem entation te s ts .
Having iso la ted  a  s e r ie s  of conditional le th a l m u tan ts , a f i r s t  
step  in th e ir  genetic  an a ly sis  is  the assignm en t of the m utan ts into 
com plem entation  groups (also re fe r re d  to as c is tro n s  o r  genes).
This is  done by com plem entation  te s ts . Two m utan ts a re  u sed  to 
infect a c e ll  under r e s tr ic t iv e  conditions. If both m utations a re  located  
within the sam e gene, then both w ill produce the sam e faulty  p ro te in  
product. The m ixedly  infected  c e ll  w ill be defic ien t fo r an e sse n tia l 
polypeptide and so w ill fa il  to  p roduce progeny v iru s . If the m uta tions 
affect d iffe ren t genes, the defective p ro te in  p roduced by one p a re n t w ill 
be supplied  in functional fo rm  by the o ther p a ren t and vice v e rsa , 
the infected  c e ll  w ill th e re fo re  contain  a  com plete  com plem ent of 
functional polypeptides and w ill produce progeny v iru s . T his 
co -o p e ra tiv e  phenom enon ie referx^ed to as com plem entation . Those 
m utan ts w hich com plem ent define d ifferen t genes and those  which do 
not, r e p re s e n t  les ions affecting the sam e gene (except fox* r a r e  
in tragen ic  com plem entation). T here fo re  given a num ber of ts  m u tan ts, 
each  m utan t can be a ssig n ed  to a  com plem entation  group by ca rry in g  
out a numbex’ of in fec tions of th is  type.
The xnost e legan t com plem entation  te s ts  w ere  those  c a r r ie d  out 
by B enzer on the £ l i  m utan ts of phage T4. In 1955 B en zer d isco v ered
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th a t the £ l î  m u tan ts of T4 in addition to th e ir  typ ica l r  m orphology 
when a ssay ed  on E . co li s tra in  B, p o sse sse d  ano ther phenotype i. e. 
they could grow on E. coli K s tra in s  lysogenic fo r the phage lam bda.
On K s tra in s  the £4 wild type phage, as w ell a s  the £  m utan ts not 
belonging to the r l l  c la s s  could g row  p e rfec tly  w ell. The r l l  m utan ts 
w ere  found to a d so rb  to K s tra in  b a c te r ia  but they  did not produce 
infectious phage progeny. One of the questions B enzer w ished to 
answ er w as w hether the phenotype of the r l l  m u tan ts of h is  co llec tion  
was a ttr ib u ta b le  to genetic  le s io n s  in m o re  than a sing le  functional unit. 
He re a lis e d  th a t the fa ilu re  of d iffe ren t £ l l  m u tan ts to grow  on the 
n o n -p e rm iss iv e  K s tra in  need not n e c e ssa r ily  re f le c t the sam e functional 
defect in th e ir  h e re d ita ry  m a te r ia l. To exam ine w hether two d ifferen t 
£ l  1 m utan ts belong to the sam e functional un it, B enzer adapted the 
com plem entation  te s t  p rev io u sly  developedxwith h igher o rg an ism s,
The te s t  w as c a r r ie d  out by m ixedly  infecting K c e lls  w ith two r l l  
m utan ts and exam ining in a spo t te s t  fo r the p roducts of the yield .
On the b a s is  of th is  te s t  B enzer found that the £ l  1 point m utan ts fe ll 
into two com plem entation  groups. The e s se n tia l  fea tu re  of the 
com plem entation  te s t  w as the n a tu re  of the progeny  v iru s . They w ere  
a ll  found to be of the p a re n ta l type and w ere  not recom binan t p a r tic le s . 
This showed tha t the production  of progeny  w as by a p ro c e ss  of 
com plem entation  and not recom bination . A ll m em b ers  of one group 
com plem ented the o th e r in the production of in fectious progeny  but
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did not com plem ent any m em b er of th e ir  own group. It w as a lso  
found by m apping s tu d ies  tha t the two groups could be a ssigned  
defin ite  se p a ra te  p ositions on the genetic  m ap. The two m utan t groups 
thus s igna lled  the ex is tence  of two functional u n its  w ithin the £ l l  
reg ion  of the phage genom e; each  unit p resu m ab ly  governing the 
sy n th esis  of a  specific  polypeptide n e c e ssa ry  fo r grow th in s tra in  K 
b a c te ria .
B e n z e r’s w ork  p rovided  the b a s is  fo r the la te r  c la ss if ic a tio n  of a 
la rg e  num ber of ts  and a m b e r m utan ts of T4 into indiv idual genes 
(E dgar and E p ste in , 1965). In th is  way by 1965 som e 60 genes w ere  
identified . It w as not a ll  p la in  sailing  how ever, a s  the ex tension  of 
B e n z e r’s com plem entation  te s t  to o th er p a r ts  of the genom e showed. 
Although the gene a ss ig n m en ts  of a ll  the am b er m u tan ts w ere  unam biguous, 
E dgar and E pste in  encoun tered  som e ts  m utan ts th a t, on the b a s is  of 
th e ir  position  on the genetic m ap and the re s u lts  of c ie - tr a n s  te s ts  
w ith c lo se ly  linked am b er m utan ts c le a r ly  belonged to the sam e gene 
yet gave good com plem entation  in the c is - t r a n s  te s t  w ith each  o ther.
This w as the d isco v ery  in v iru se s  of in tragen ic  com plem entation  and it 
w as soon encoun tered  in a ttem p ts  to define the  u n its  of genetic  function 
in b a c te r ia  and in o th e r o rg an ism s (E dgar e t a l. , 1964; B e rn ste in  
e t a l. , 1965). It is  thought tha t in tragen ic  com plem entation  can only 
o ccu r when the gene p roduct is  la rg e r  than a  m onom er and is com posed 
of polypeptide su b -u n its , w here defec ts  in the su b -u n its  can in te r fe re  
w ith the agg regation  of the un its  o r  the configuration  of the  resu ltin g
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p ro te in , so th a t i ts  function ie im p a ired  o r absen t. When, in 
com plem entation  te a ts , sub -un its  a lte re d  in d iffe ren t ways a re  
syn thesised  in the sam e c e ll, som e p a irs  having non-overlapping  
defec ts  m ay be ab le  to  com pensate  one a n o th e r’s d e fec ts  and so fo rm  
a hybrid  s tru c tu re  which is  stab le  and p o sse s se s  som e ac tiv ity  but 
w hich is  n e v e rth e le ss  d iffe ren t fro m  wild type. O ther p a ir s ,  having 
overlapping d e fec ts , cannot com pensate  each o th er in th is  way, so 
that s tab le  hybrid  m o lecu les a re  not form ed.
E. R ecom bination te s ta .
Once again th e  blue p r in t fo r recom bination  te s te  w as supplied 
by the phage g en e tic is ts  and goes back to the y e a r  1946. At a m eeting 
a t Cold Spring H arbour th a t y e a r  H er she y and C hase rep o rte d  th e ir  
f i r s t  iso la tion  of r  and h phage m utan ts of the phage TE. At the 
sam e m eeting  D elbruck  and H ershey  p resen ted  ano ther finding, which 
each  had m ade independently , of the u tm ost im portance  to genetic  
re s e a rc h . Upon the  infection of an E. co li with two o r m o re  phages 
th a t d iffered  fro m  each  o th er in two genetic c h a ra c te rs  th e re  issu ed  
from  the in fected  c e ll  som e recom binan t p a r tic le s  th a t had obtained 
one of th ese  two c h a ra c te rs  fro m  one p a re n t and the o th er fro m  the 
o th er p a ren t. Thus H ershey  c a r r ie d  out m ixed in fections w ith h and £  
m utan ts of T2 and found am ongst the progeny som e hf£+ wild type 
p a r t ic le s  and som e h r double m utant phages in addition to the two 
p a re n ta l types. The h+r4 recom binan t phage had d e riv ed  i ts  host
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range c h a ra c te r  fro m  the h i£  p a ren t and its  rap id  ly s is  c h a ra c te r  
from  the h r -H p a re n t. The double m utant ^  had d e riv ed  its  host 
range c h a ra c te r  from, the h r 4 p a re n t and its  rap id  ly s is  c h a ra c te r  
fro m  the h+£ p a re n t. Thus it w as d isco v ered  that phages could 
engage in genetic  recom bina tion , an ac tiv ity  once co n sid ered  the 
p re ro g a tiv e  of h igher fo rm s of life th a t had p ro g re s se d  fro m  vegetative 
to sexual fo rm s of rep roduc tion , (H ershey , 1946; H ersh ey  and R otm an, 
1949). The e s se n tia l  fea tu re  Of the recom bination  p ro c e ss  ie that the 
progeny, a s  w ell a s  containing the m utant p a re n ta l v iru s  a lso  contains 
the w ild type and double m utant recom binan ts in  c o n tra s t  to 
com plem entation  w here only p a re n ta l types a re  p roduced.
While th is  w ork of m apping the h and £  genes of T2 w as going on 
B enzer decided to run  one p a r tic u la r  section  of the m ap into the 
ground i. e. the r l l  reg ion . F o r th is  purpose B enzer c ro s se d  m em bers 
of h is r l l  m utan t co llec tion  2 x 2  and se lec tiv e ly  sco red  the frequency  
of £ l l f  wild type recom binan ts. In th is  way he hoped to d e tec t v e ry  
r a r e  recom binan t even ts betw een ad jacen t genetic s ite s  since the 
lim it of reso lu tio n  of th is  m ethod would allow  him  to find r l  14 
recom binan ts a t an e x trem e ly  low frequency. The freq u en c ies  of £4 
recom binan ts  p roduced  in th ese  v e ry  num erous c ro s s e s  allowed 
B enzer to a rra n g e  a ll  h is  m utan ts in a  lin e a r  o rd e r  and thus co n stru c t 
a  v e ry  de ta iled  m ap. W ithout going into d e ta il B e n z e r 's  w ork 
showed tha t recom bination  w as a p ro ce ss  which could se p a ra te  
genetic  s ite s  re p re se n te d  by v irtu a lly  contiguous nucleo tides on the
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phage DNA m olecu le .
Follow ing fro m  th is , a ll  the £g_and am b er m u tan ts  of T4 w ere  
a rra n g ed  and o rd e re d  on a linkage m ap fro m  recom bina tion  frequencies 
ob serv ed  in a la rg e  num ber of genetic c ro s s e s .  C ro s s e s  involving 
conditional le th a l m utan ts w ere  c a r r ie d  out under conditions p e rm iss iv e  
fo r the grow th of each  m utan t. By p lating  under p e rm iss iv e  
conditionsjthe  to ta l  p rogeny w as m easu red  and by p lating  under 
re s tr ic t iv e  conditions the p ro p o rtio n  of wild type recom binan ts w as 
m easu red . F ro m  a la rg e  num ber of two and th re e  fa c to r  c ro s s e s  the 
m ap of T4 w as co n stru c ted . It tu rned  out tha t the  genes which 
governed re la te d  phage functions appeared  to lie  in the sam e g en era l 
a re a  of the m ap. F u r th e rm o re  the d isposition  of the genes appeared  
to be c o rre la te d  w ith the tim e  of in tra c e llu la r  phage grow th a t which 
the gene p roduct m akes i ts  appearance  o r s ta r ts  to function. The 
genes re p re se n te d  by conditional le th a l m iitan ts w ere  d is tr ib u ted  
a ll  over the genetic  m ap. By 1966 a to ta l of 66 genes concerned  
with conditional le th a l m utan ts had been recogn ised  and m apped. The 
following is the genetic  m ap of T4.
G e n c U c  Ma p  of  T 4 (K chi nr  & h n s t c i n
no m a t u r a t i o n  
D N A  a r r e s t e d
no D N  A
■' no Î y so z y me
D N A  39!
d e l a y e d  î ' IIAk 
rilB 
53
i
45 '
0
lO I
no ma t u r a t i o n  
no D N A
0
k c o m p o n e n t s  p r e s e n t  in d e f e c t i v e  l y s a t e s
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In itia lly , using tw o -fac to r c ro s s e s ,  the m o st w idely spaced  loci 
appeared  to show no linkage i. e. the chrom osom e could be b e s t 
re p re se n te d  a s  a l in e a r  s tru c tu re  w ith two e x tre m itie s . However a 
m o re  sen sitiv e  te s t  of linkage w as provided by using  th re e - fa c to r  
c ro s s e s .  By applying th is  te s t  to the loci s itua ted  a t  the e x tre m itie s  
of the T4 m ap S tre is ln g e r  e t a l. , (1961») de tec ted  unam biguous linkage 
betw een them  and es tab lish ed  tha t the sequence of the  loci w as th a t 
to be expected  if the  chrom osom e w as re a lly  a  continuous, o r  
c irc u la r  s tru c tu re . The c irc u la r ity  wag confirm ed  by using  a v e ry  
la rg e  num ber of ts  and am b er m utan ts in tw o -fac to r c ro s s e s .
One anom aly  w hich a ro se  in the m apping of T4, w as the fac t that 
the frequency  of recom bination  in ad jacen t in te rv a ls  w as m uch g re a te r  
than tha t expected  fro m  a random  d is trib u tio n  i. e. the  o b se rv ed /ex p ec ted  
num ber of double recom binan ts  w as g re a te r  than 1. It appeared  
th e re fo re  th a t a  c ro s so v e r  betw een m arker®  in c re a se d  the chance of 
c ro s s o v e rs  betw een c lo se ly  ad jacen t m a rk e rs . In o th er w ords 
negative in te rfe re n c e  was o ccu rrin g . One explanation  of negative 
in te rfe re n ce  is  tha t e ffective  pa irin g  i. e. the kind of p a irin g  which 
ac tua lly  m ed ia te s  recom bina tion , is  no rm ally  r e s t r ic te d  to v e ry  
sm a ll reg ions w ithin which the p robab ility  of recom bina tion  is  v e ry  
high (P r itc h a rd , 1955), On th is  th eo ry , the o c c u rre n c e  of sim ultaneous 
recom bination  in two in te rv a ls  re q u ire s  an e ffec tive ly  p a ire d  reg ion  
in both of them . If the gene® a re  fa r  a p a rt th ese  p a ire d  region® 
w ill a r i s e  random ly. On the o th er hand, if the genes a r e  v e ry
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c lose  to g e th er, then  the two recom bination  even ts can a r is e  w ithin 
a single p a ire d  reg ion , so th a t the p robab ility  of th e ir  sim ultaneous 
o ccu rren c e  is  no longer random , it  ie m o re  frequen t.
F . Two and th re e  fac to r  c ro s s e s .
The a rra n g em e n t of m uta tions on a chrom osom e can  be 
de te rm ined  by m eans of c ro s s e s  in which two m uta tions a re  followed - 
tw o -fac to r c ro s s e s .  C onsider the question  of the a rra n g em e n t of 
th re e  m utan t s ite s . The o rd erin g  of the m uta tions can be de te rm in ed  
by th re e  c ro s s e s  in each  of which two m utan ts a re  involved. A c ro s s  X 
betw een a-fb and abf  y ie ld s four progeny types: the two p a re n ta l 
genotypes (a+b and ab*f) and the two recom binan t genotypes (a fb f  and ab). 
The c ro s s  Y betw een afc_ and ac+ s im ila rly  gives the two p a re n ta l types 
as w ell a s  the afjcf and a£ recom binan ts w hereas the c ro s s  Z betw een 
b fc  and b e t  p roduces the pasgental types and the recom binan ts  b-f£+ 
and b e . E ach  c ro s s  w ill produce a specific  ra tio  of p a re n ta l 
to recom binan t p rogeny. C onsider e .g .  th a t c ro s s  X gives 10% 
reco m b in an ts , c ro s s  Y 3% and c ro s s  Z 8%. This suggests  th a t 
m a rk e rs  a and £  a re  m ost linked and that a and b a re  le a s t  linked. 
T h ere fo re  the genetic  a rra n g em e n t which b est f i ts  th is  da ta  is
a c b
Although m apping by m eans of com parative  recom bina tion  frequencies  
has been ex tensively  used  in the an a ly sis  of genetic fine s tru c tu re  
and m ay be the only p ra c tic a b le  m ethod, i ts  sen sitiv ity  to ex traneous
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so u rces  of e r r o r  a s  w ell a s  i ts  inab ility  to com pensate  fo r  in tr in s ic
v a ria b ility  in the  recom bina tion  m echan ism  its e lf , such a s  th a t 
in troduced  by lo ca lised  negative in te rfe re n c e , re n d e rs  it  su spec t 
when the d is tan ces  betw een m uta tional s ite s  becom e e x trem e ly  sm all.
A stan d ard  m ethod fo r de term in ing  the o rd e r  of s ite s  is  by 
m eans of re c ip ro c a l th re e - fa c to r  c ro s s e s . When the th re e  genes 
used  in the above exam ple a re  followed in the c ro s s  a-!-b4£f- x abc 
six  d iffe ren t recom binan t genotypes a re  found. T hese fa ll into th re e  
groups of re c ip ro c a l p a ir s . The r a r e s t  of th ese  a r i s e s  fro m  the 
double c ro s so v e r . By looking fo r the le a s t  frequen t c la s s  it is  possib le  
to co n firm  o r  deny an a rra n g em e n t postu la ted  by tw o -fac to r c ro s s  
data . If re s u lts  of the c ro s s  a+bt ci* x  abc w e re :-
a*i b f ci* 
a b c
a - 5 *  b 4  C ' l *
a b c
15%
a+ b c } 
a  b-f c+
ai* b c+ 
a b+ c
6%
0 . 6%
a b c4 
b+ c
Only if the o rd e r  is  a £  b, does the fac t that the r a r e  recom binan ts 
a re  £"^b+£ and a b c f m ake sense . In o ther w ords, the th re e - fa c to r  
c ro s s  d a ta  has confirm ed  the o rd erin g  suggested  by the tw o -fac to r 
c ro s s  re s u l ts .
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G. M echanism a of recom bination .
F o r  the m ech an ism s involved in recom bination  we m u st re tu rn  
again to the phage g en e tic is ts  and to the w ork of H ersh ey  on the £  
and h m u tan ts of T2. F ro m  h is  in itia l recom bination  experim en ts 
H ershey  concluded th a t the genetic  m a te r ia l  of phages co n sis ted  of , 
l in e a r  a r r a y s  of genes, each  gene c a rry in g  the h e re d ita ry  in fo rm ation  
fo r som e c h a ra c te r  of the  v iru s , analagous to the genes in the 
ch rom osom es of h igher o rg an ism s . He envisaged  the p ro c e ss  of 
recom bination  a s  o c cu rrin g  fro m  c ro ss in g  over even ts which lead  to 
the re a s s o r tm e n t of the  genetic  m a te r ia l. The chance of a  c ro s so v e r  
w as a function of the  d is tance  sep ara tin g  two m a rk e rs  and thus the 
frequency  of recom binan ts am ong the progeny gave a m ea su re  of the 
re la tiv e  d is tan c es  betw een m a rk e rs ;  m a rk e rs  c lo se  to g e th er giving 
low er recom bina tion  freq u en c ies  than  m a rk e rs  fa r  ap a rt.
H ow ever fu r th e r  study of genetic  recom bination  in phage rev ea led  
th a t a phage c ro s s  does not re p re se n t  m ere ly  the exchange of 
h e re d ita ry  fa c to rs  betw een two p a re n ts  but th a t in stead  recom bination  
involves the rep ea ted  in te rac tio n s  among the  in tra c e llu la r  population 
of phage genom es descended  fro m  the infecting p a re n ts . Taking 
th is  fac t into co n sid era tio n  V isconti and D elbruck (1953), fo rm ula ted  
a th eo ry  of genetic  recom bina tion  in phages to account fo r the 
recom binan t freq u en c ies  obtained under va rio u s ex p e rim e n ta l conditions. 
This th eo ry  env isages tha t the vegetative  phage genom es e x is t in an 
in tra c e llu la r  m ating  pool in which they undergo p a irw ise  m ating a,
each m ating  leading to an exchange of genetic m a te r ia l  by one 
o r m o re  crossover®  betw een the two p a r tn e rs . T h ere fo re  the 
frac tio n  of phages recom binan t fo r two loci in troduced  into a c ro s s  
depends not only on the  linkage of the loci but a lso  on the  num ber of 
m ating  even ts th a t have o c c u rre d  in the m ating pool by the tim e  tha t 
ly s is  of the infected  b a c te riu m  has brought to te rm  the in tra c e llu la r  
grow th p ro c e ss . Since linkage cannot th e re fo re  be sim ply  equated 
to recom binan t freq u en c ie s  the tru e  linkage of two genetic  s ite s  is  
defined a s  the av erag e  num ber of c ro s so v e rs  th a t take p lace  at 
po in ts betw een th ese  s ite s  in each  m ating of two vegetative  phages in 
the m ating pool: the g re a te r  the d istance  that s e p a ra te s  the s ite s  on 
the phage genom e, the g re a te r  the average  num ber of such c ro s so v e rs  
p e r  m ating . But an o b serv ab le  recom bination  of genetic  c h a ra c te rs  
w ill r e s u l t  if, in any one m ating  an odd num ber of c ro s s o v e rs  o ccu rs  
a t po in ts betw een the genes de te rm in ing  th ese  c h a ra c te r s ,  fo r even 
num bers of c ro s s o v e rs  no recom bination  would be m an ifested  since 
the o rig in a l configura tion  of the two c h a ra c te rs  is  p re se rv e d . F o r  
v e ry  d is tan tly  linked genes the recom bination  frequency  approaches 
the lim it 0. 5, In o th e r w ords if  th e re  occu r a  la rg e  num ber of 
c ro s so v e rs  p e r  m ating betw een two genes, half of the  m atings w ill 
end in an odd num ber and half in an even num ber of c ro s s o v e rs .
F o r  v e ry  c lo se ly  linked loc i the  average  num ber of c ro s s o v e rs  p e r 
m ating  betw een the two loc i is  v e ry  m uch le s s  than 1, and m ost 
c ro s s o v e r 0  w ill be single exchanges. F ina lly  if the two m a rk e rs  a re
4
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id en tica l a lle le s  th e re  is  no chance w hatsoever th a t a  recom binan t 
is  produced fo r two genetic  c h a ra c te rs  that occupy exactly  the 
sam e s ite  of the phage genom e.
T hese then  a re  the o v e ra ll  ru le s  governing recom bination  in 
phages, but what of even ts a t the m o lecu la r lev e l?
H ershey  in 1948 d isco v ered  th a t c o n tra ry  to the an tic ipa tions of 
exchange by c ro s so v e r , (by analogy to the then  known situa tion  in 
h igher o rg an ism s) the e le m e n ta ry  recom bination  event g en era te s  only 
one but not both of the two com plem en tary  reco m b in an ts . It appeared  
th a t any given m ating  event p roduces e ith e r  an hx o r  an h+£+ 
recom binan t but not both types a s  would be expected  fro m  a re c ip ro c a l 
event. H ershey  p roposed  that recom bination  m ay o ccu r a s  an event 
inciden ta l to the  rep lica tio n  of the phage genom e, a hypo thetical 
m echan ism  th a t la te r  cam e to be called  copy choice. Under the copy 
choice d o c trine  a  m ating  re p re s e n ts  the com ing to g e th e r of two 
p a re n ta l genom es a t the m om ent when one of them  happens to be 
se rv ing  a s  a  tem p la te  fo r the sy n thesis  of a  rep lico n . A fte r p a r t  of 
the genetic  in fo rm ation  of the f i r s t  p a re n ta l genom e has a lre ad y  been 
copied into the re p lic a  s tru c tu re , the copy p ro c e ss  suddenly sw itches 
to the second p a re n ta l genom e and begins to in co rp o ra te  the genetic 
in fo rm ation  of the second p a re n t on to  the growing daugh ter genom e.
A single recom binan t phage thus a r is e s  which c a r r ie s  som e of the 
genetic  fa c to rs  of one and som e of the genetic fa c to rs  of the o th er 
of the two m ated  p a re n ts . A fu r th e r  and e n tire ly  independent 
recom bination  ac t is  re q u ire d  to produce the com plem en tary  type, which
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would in no way bo c o rre la te d  w ith the fo rm ation  of i ts  com plem ent, 
though it would occu r w ith equal frequency. If th e re  is  a  fixed 
p ro b ab ility  p e r  length  of phage DMA th a t a  copy choice sw itch w ill 
occu r during  a  m ating , then the chance th a t a  re p lic a  genom e 
recom binan t fo r two genes would be produced s t i l l  depends on the 
d is tance  betw een the two loci. This then w as the th eo ry  of the 
m echan ism  of recom bination  favoured  up u n til and during  the 1950's . 
The th eo ry  is  how ever no longer held to be tru e . B esid es accounting 
fo r the fo rm atio n  of only one of two com plem en tary  recom binan ts  in 
a single a c t of genetic  exchange, the copy choice m ech an ism  en ta iled  
ano ther m o re  b asic  fea tu re  th a t d istingu ished  it  fro m  an a lte rn a tiv e  
th eo ry  of recombixxation (breakage and reunion) - recom binan ts a re  
com posed of newly syn thesised  DMA and should not contain  any 
p a re n ta l DNA. M eselson  and W eigle (1961), using phage lam bda 
w ere  the f i r s t  to show th a t phage recom binan ts  do con tain  p a r t  of the 
DNA of the p a re n ta l  genonaes th a t en te red  a c ro s s  and hence tha t 
genetic  exchange involves b reakage and reunion  ra th e r  than  a s  a 
r e s u l t  of copy choice. T heir re s u lts  fro m  ex p erim en ts  using 
density  labelled  phages d em o n stra ted  unequivocally  th a t d is c re te  
am ounts of o rig in a l p a re n ta l DNA appear in recon&binant phages, 
suggesting th a t recom bination  o ccu rs  by re a s s o r tm e n t of the genom es 
of the p a r tn e r s  in the  m ating  event. C onfirm ation  of th is  finding 
cam e fro m  w ork by Tomissawa and A nraku (1964; 1965) on T4.
E. co li w ere  infected  simultaneous3.y with ligh t P -la b e lle d  and
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heavy b ro m o u ra c il- la b e lle d  T4, C ell m etab o lism  w as inhibited  by
the addition of p o tass iu m  cyanide. D ensity g rad ien t frac tio n a tio n
of e x trac ted  in tra c e llu la r  DNA revealed  the p re se n c e  of som e
labe lled  DNA m olecu les of density  in te rm ed ia te  betw een th a t of
light and heavy (B U -labelled) DNA i. e. m olecu les containing m a te r ia l
d e riv ed  fro m  both heavy and light p a re n ta l genom es. Upon
d én atu ra tio n ,the heavy and light com ponents of the  m o lecu les sep ara ted
and the P^^ lab e l assum ed  the density  of light DNA. T hese m olecu les
32of in te rm ed ia te  density  thus appeared  to be com posed of one P  
labelled  light DNA segm ent and BU labelled  heavy segm ent joined 
by hydrogen bonds, but w ith gaps.
Jo in t m olecu le
R ecom binant m olecule
Thus it  appeared  th a t a  " jo in t"  DNA m olecule th a t is  like ly  to 
be an in te rm ed ia te  in the gen esis  of genetic recom binan ts can  be 
form ed while p ro te in  and nucleic  acid  syn thesis a re  sev e re ly  reduced . 
The ex p erim en t w as rep ea ted  using  in the p lace of cyanide, FUdR. 
T his c au se s  a  g re a t reduction  in the ra te  of DNA sy n th esis  although
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p ro te in  syn thesis  p ro ceed s  a t n e a rly  the sam e ra te . F o rm a tio n  o£ 
"jo in t" labe lled  phage DNA w as ob serv ed  a lso  under th ese
conditions. How ever w h ereas  a lm o st a ll  of the jo in t m o lecu les 
de tected  a fte r  incubation of the infected  c e lls  in BlJdR fo r tw enty m inu tes 
o r  le s s  w ere  of the sam e hydrogen bonded type a s  those  fo rm ed  in 
the p re se n c e  of cyanide, m any m olecu les p re se n t a f te r  incubation 
fo r 45 m inu tes In FUdE appeared  to be m ade up of segm en ts of ^^P 
labelled  light and BU labe lled  heavy p a re n ta l DNA bound in covalent 
linkage, since the heavy and light com ponents could no longer be 
se p a ra ted  by m elting  the double helix . It w as concluded tha t the slow 
p ro g re s s  of DNA sy n thesis  in the FUdR tre a te d  phage infected ce lls  
seem ed to suffice to co n v ert the hydrogen bonded "jo in t"  m olecu les 
rep re se n tin g  n ascen t recom binan ts into the covalen tly  linked DNA 
continuum  in the fo rm  of which the phage genome m a tu re s  in the 
infective  progeny p a r tic le . F u r th e r  ex p erim en ts  w ith  ^ parental 
phage a c a rry in g  v a rio u s  am b er m utations w hich fa il to  syn thesise  
phage DNA in  n o n -p e rm iss iv e  host b a c te r ia  showed the appearance  
only of "jo in t"  m o lecu les. T his gave fu r th e r  support to the theo ry  
th a t phage DNA sy n thesis  is  req u ire d  to e s ta b lish  covalen t linkage 
betw een polynucleotide chains of m ixed p a re n ta l o rig in .
H. H eterozygo tes.
H ersh ey  and C hase (1951) observed  tha t the p rogeny  from  
T2£ X T2r*l* c ro s s e s  p roduced p laques not only of the p a re n ta l type
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i, e. sm a ll tu rb id  p laques and la rg e r  c le a r  p laques but a lso  of 
a  m ixed m orphology. T hese  p laques had a m ottled  ap pearance  
being com posed of zones of ly s is  inhibition in te rs p e rs e d  w ith zones 
of c le a rin g . About Z% of the p rogeny  p laques fro m  £  x £+ c ro s s e s  
had th is  m ottled  ap p earan ce . When the p a r t ic le s  contained in th ese  
m ottled  p laques w ere  rep la te d  in tu rn  they  gave r i s e  to about equal 
num bers of £  and £4 p laques and again about 2% of m o ttled  p laques. 
Since it  w as shown th a t the m o ttled  plaques w ere  in itia ted  by infection 
with single phage p a r t ic le s ,  it w as concluded th a t th ese  p a r t ic le s  
m u st c a r r y  both the £  and £+ a lle le s  and w ere  th e re fo re  heterozygous 
fo r the £  reg ion . The e s se n tia l  fe a tu re s  of h e te ro zy g o tes  a re  a s  
fo llow s;- (1) They a re  not r e s t r ic te d  to any p a ir  of a lle le s  but 
a re  found to a r i s e  w ith the sam e frequency  am ong the p rogeny  of a 
c ro s s  with re s p e c t  to e v e ry  locus exam ined. (2) F o r  c ro s s e s  
betw een phages d iffering  by two loci, som e h e te ro zy g o tes  a re  
he terozygous fo r  both loci and som e a re  hom ozygous fo r one locus 
and he terozygous fo r the  o th e r. (3) The heterozygous reg ion  is  sm a ll 
being about 10 m ap un its  long o r  about 1% of the length  of the 
ch rom osom e. (4) F o r  c ro s s e s  involving phages w hich d iffe r by 
th re e  loose ly  linked lo c i ,p a r t ic le s  se lec ted  a s  being heterozygous 
fo r the m iddle m a rk e r  a re  frequen tly  recom binan t fo r the outside 
m a rk e rs . (5) The frequency  w ith w hich h e te ro zy g o tes  a re  m ade 
re m a in s  constan t under d iffe ren t conditions, i. e. h e te ro zy g o tes  a re  
being continually  fo rm ed  in  the m ating pool but a re  lo s t  a t the sam e
ra te  a s  a  re s u lt  of seg rega tion . In o th er w ords he te rozygo tes m ay 
re p re se n t a  n o rm al stage  in the p roduction  of recom binan ts  and 
those which a re  ob serv ed  am ong the progeny p a r t ic le s  a re  a p roportion  
which a re  trap p ed  by m atu ra tio n  before  they  can  seg reg a te . The 
m odels p roposed  to explain  the fo rm ation  of he te rozygo tes a re  
exam ined in the D iscussion  Section.
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III. A nim al V irus G enetics.
In the absence  of evidence to the c o n tra ry , it m u st be 
supposed th a t the genetic  m ech an ism s of an im al v iru se s  a re  governed 
by the sam e g e n e ra l ru le s  which apply to bacteriophage  and so it  
would ap p ea r th a t the  phage g e n e tic is ts  have la id  down the m a s te r  plan 
fo r  w o rk e rs  em bark ing  on the fie ld  of an im al v iru s  g en e tics .
D espite  th is  background w ealth  of knowledge p io n ee red  by the phage 
g e n e tic is ts , an im al v iru s  genetics is  s t i l l  in i ts  infancy. Although 
te m p e ra tu re -se n s it iv e  m u tan ts of m any RNA and DNA an im al v iru se s  
have been iso la ted , re la tiv e ly  litt le  w ork has been done to study 
genetic  recom bina tion  and to co n s tru c t linkage m ap s. The f i r s t  
su c ce ss fu l s e a rc h  fo r conditional le th a l m u tan ts of an an im al v iru s  
w as in itia ted  by M cClain (1965) when it w as d isc o v ere d  th a t a 
p ro p o rtio n  of the  u m u tan ts of rabb itpox  v iru s  (Gem m e 11 and F e n n e r, 
1960) w ere  host dependent, in tha t they  failed  to rep lica te  in PK c e lls , 
a  continuous line of c e lls  d e riv ed  fro m  pig kidney. By 1963/64 when 
E d g a r 's  w ork becam e w idely known, the idea of using  conditional 
le th a l m u tan ts fo r the a n a ly s is  of the genetics and physio log ical 
behaviour of an im al v iru se s  w as taken  up by s e v e ra l  w o rk e rs .
Cooper (1964) iso la ted  ts  m u tan ts fro m  Folio  v iru s  Type 1: R oizm an 
and A u re lian  (1964) studied  the behaviour of HSV in a re s t r ic t iv e  host 
c e ll  (dog kidney) and a  m utan t of it ab le  to grow  in th e se  c e lls ,  and 
B urge and P fe ffe rk o rn  (1965) began th e ir  s tud ies  of t s  m u tan ts of 
Sindbis v iru s . Follow ing th ese  in itia l iso la tio n s , investiga tions of
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t s  m u tan ts of Sem likl F o re s t  v iru s  w ere  in itia ted  and ts  m utan ts of 
Influenza v iru s  w ere  iso la ted  and used  fo r genetic  s tud ies (M ackenzie, 
1968). This then  w as the beginning of re s e a rc h  in an im al v iru s 
g enetics. How ever the fu ll po ten tia l of conditional le th a l m utan ts 
of an im al v iru se s  has not ye t been re a lise d . A lm ost a ll  investigations 
have been concerned  w ith ts  m u tan ts, since no an im al c e ll  has yet 
been reco g n ised  a s  containing a nonsense su p p re sso r . T h ere fo re  
the m ost u se fu l c la s s  of conditional le th a l i. e. am b er m u tan ts cannot 
be used .
The iso la tion  of te m p e ra tu re  sensitive  m u tan ts has been rep o rte d  
fo r a la rg e  num ber of both RNA and DNA v iru se s . It is  beyond the 
scope of th is  in troduction  to go into d e ta il of a ll  the w ork  which 
has been rep o rte d . It has been decided th e re fo re  to  su m m arise  the 
ex p erim en ts  undertaken  w ith c e r ta in  v iru se s  in d iffe ren t groups 
and to go into d e ta il only w here it is  thought n e c e ssa ry .
A. RNA V iru ses.
(1) E ncephalov irus group.
T em pei’a tu re  sen sitiv e  m utan ts have been  iso la ted  fro m  
Sindbis v iru s  and Sem liki F o re s t  v iru s  and the w ork  c a r r ie d  
out with these  v iru se s  has been of a s im ila r  n a tu re . Burge 
and P fe ffe rk o rn  (1966) iso la ted  23 ts  m utan ts of Sindbis v iru s  
and they  w ere  assig n ed  a s  RNA 4-ve o r RNA -ve . The RNA 
+ve m utan ts w ere  found to be m ore  heat lab ile  than  the ENA
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-ve  m utan ts o r  the p a re n t v iru s  a t 60®C. R ecom bination  could 
not be d em o n stra ted  but com plem entation  w as shown to o ccu r and 
w as studied  in som e d e ta il  (Burge and P fe ffe rk o rn , 1966; 
P fe ffe rk o rn  and B urge, 1967). The com plem enta tion  y ields 
exceeded the  single p a re n t in fec tions by fa c to rs  of 3-300, 
though the effic iency  re la tiv e  to wild type in fection , w as low. 
C om plem entation  effic iency  w as found to be unaffected  by the 
m . o. i. and the tim e  c o u rse  of production  of v iru s  fro m  
com plem enta tion  te s ts  follow ed th a t of the grow th of w ild type 
v iru s . The RNA +ve m utan ts w ere assig n ed  to th re e  
com plem enta tion  groups co rrespond ing  to a lte ra tio n s  in th e ir  
physio log ica l re sp o n se . At the re s tr ic t iv e  te m p e ra tu re  one group 
fa iled  to fo rm  nuc leocapsid s, but did fo rm  v ir a l  envelope p ro te in s . 
The second group exhib ited  the re v e rs e  effect and those  of the 
th ird  group w ere  defective  in a  p ro te in  n e c e s sa ry  fo r v iru s  
m a tu ra tio n . (All the RNA *ve m utan ts w ere  found to be 
defective  in the syn thesis  of p o ly m erase ) (Burge and P fe ffe rk o rn , 
1968; S tra u ss  e t a l. , 1968; Scheele and P fe ffe rk o rn , 1970).
With Sem liki F o re s t  v iru s , 38 ts  m u tan ts w ere  obtained 
following m u tag en esis  and although the m utan ts w ere  shown to 
com plem ent, i t  w as not a s  ap p aren t a s  with Sindbis v iru s  and 
has not p roved  u se fu l fo r grouping m u tan ts. R ecom bination  has 
been d em o n s tra ted  betw een the m utan ts (Sam brook, 1965).
M utants w ere  found which w ere  defective  in s tru c tu ra l  com ponents.
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m atu ra tio n  fa c to rs  and p o ly m erase  ac tiv ity  (Tan e t a l. , 1969).
(Z)  P a ram y x o  group.
T here  have been re p o r ts  of the iso la tion  of m utan ts 
fro m  R e sp ira to ry  syncy tia l v iru s  (ESV) and N ew castle  D isease  
v iru s  (NDV). m u tan ts  of RSV w ere  iso la ted  following
m u tag en esis  w ith 5 -fluo rou racU . S uppression  of grow th fro m  
16-fold to com plete  su p p ress io n  w as found a t the re s tr ic t iv e  
te m p e ra tu re  and th re e  of the m utan ts w ere  found to a ffec t la te  
functions. The ts  m u tan ts of RSV w ere  iso la ted  follow ing the 
d isc o v ery  th a t ts  m utan ts of Sem liki F o re s t  v iru s  and Reo v iru s  
w ere  le s s  v iru le n t In ex p erim en ta l la b o ra to ry  h o sts . It w as 
thought th a t if  the ta  m u tan ts of RSV could be iso la ted  which would 
grow  w ell a t the te m p e ra tu re  of the nasopharynx  (31/32®G), but 
not a t the te m p e ra tu re  of the low er r e s p ira to ry  t r a c t  (37®G), 
then they  would be po ten tia lly  u sefu l in im m un iza tion ,(C harpu re  et al. 1969
W ith NDV D ahlberg and Simon (1968) ob tained  48 n itro u s  
ac id  induced ta  m u tan ts . So fa r  com plem enta tion  te s ts  have 
rev ea led  nine n on -over lapping g roups, of w hich one group contains 
16 m u tan ts. The recom bina tion  rep o rte d  fo r  NDV now seem s to 
r e s u l t  fro m  the production  of he te rop lo id  v iru s  p a r t ic le s  
(D ah lberg  and Simon, 1969).
(3) Myxo v iru s  group.
Although a g re a t d ea l of the e a rly  w ork in an im al v iru s  
genetics w as c a r r ie d  out w ith Influenza v iru s , it is  only
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co m p ara tiv e ly  rec en tly  tha t two groups of w o rk e rs  have begun 
sy stem atic  stud ies with conditional le th a l m u tan ts  of th is  v iru s . 
Sim pson and H irs t (1968) and M ackenzie (1968) w orking 
independently  have iso la ted  a  la rg e  num ber of ts  m utan ts of 
Influenza A v iru s . Both com plem entation  and recom bina tion  have 
been d em o n stra ted  by Sim pson and H irst. On the b a s is  of high 
recom bination  freq u en c ies  and the iso la tion  of s e v e ra l p ieces  
of v ira l  ENA fro m  the v irion , they postu la ted  tha t the genome 
m ay c o n s is t of 5 p ieces of RNA which re p lic a te  se p a ra te ly  and 
undergo a s so rtm e n t a s  se p a ra te  segm ents of RNA. T his is  in 
d ire c t  c o n tra s t to the w ork  of M ackenzie, who found tha t the 
recom bina tion  freq u en c ie s  obtained with 16 ts  m u tan ts  w ere  
add itive, though high and on the b as is  of th is  he h as postu la ted  a 
single lin e a r  genom e.
At the physio log ical leve l, c e r ta in  of the m u tan ts iso la ted  
by M ackenzie w ere  found to be defective in haem agglu tin in , 
o th e rs  in neu ram in id ase  and two w ere found to be defective  in 
s tru c tu ra l  p ro te in s . All the m utants w ere  found to be le s s  
v iru len t than the p a re n t v iru s . M ost w ere  found to be com plete ly  
n o n -le th a l, although a ll  of them  im m unised  in fected  m ice  ag a in st 
a challenge dose of v iru len t w ild type v iru s  (M ackenzie and Dim m ock, 
1972).
R ecen t ex p erim en ts  which would tend  to support the th eo ry  
of Sim pson and H irs t , have been rep o rte d  by T obita  (1971).
Using two s tra in s  of Influenza A v iru s , it w as found in tw o -fac to r 
c ro s s e s  te s tin g  fo r the se ro ty p es  of haem agglutin in  and 
n eu ram in id ase , plaque s ize , plaque fo rm ing  ab ility  in F L  c e lls  
and the req u ire m e n t fo r DEAE dex tran  fo r plaque fo rm ation , 
tha t the recom bina tion  freq u en c ies  ranged  fro m  18% to 43%.
T here  w as no evidence of linkage betw een the m a rk e rs  and fro m  
the absence  of recom bination  w ithin the se ro type  of the 
haem agglu tin in  o r th a t of the n eu ram in id ase , it was suggested 
th a t recom bina tion  o c cu rs  m ain ly  by the exchange of genome 
p ieces . Taken to g e th er w ith the b road  genetic  com patab ility  which 
was found as w ell as high recom bination  freq u e n c ie s , it was 
suggested  th a t these  findings supported  the p ro p o sa l fo r physica l 
d is c re te n e s s  of functional un its  and independent a sso r tm e n t of 
th ese  un its  during  the p ro c e ss  of m atu ra tion .
(4) Rhabdo v iru s  group.
The iso la tion  of ts  m utan ts of V esicu la r s to m a titis  v iru s  
has been rep o rte d  from  a num ber of so u rc es  (F lam and, 1969;
Lafay, 1969; Eafay and B erkaloff, 1969; Holloway et a l. , 1970; 
P rin g le , 1970). P rin g le  in itia lly  iso la ted  75 ts  m u tan ts  of the 
Indiana s tra in  of VSV and th ese  w ere  assig n ed  to fou r com plem entation  
groups on the b as is  of qua lita tive  te s ts .  Some of the m utan ts 
w ere  used  to obtain  quantita tive  com plem entation  data . No 
recom bination  w as o bserved  within G roups 1 and 4v, w hereas 
0. 31-3.4%  recom binan ts w ere  observed  betw een the g roups.
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The lack  of evidence of linkage w as escpected due to the sm all 
s ize  of the genome and it  was suggested tha t the c is tro n s  m ay 
be p hysica lly  d is c re te  and re a s s o r tm e n t of su b -u n its  w as 
suggested  ra th e r  than  tru e  genetic recom bination .
F lam and  (1969) identified  5 com plem entation  groups using 
spontaneously  a r is in g  ts  m utan ts and re c ip ro c a l com plem entation  
stud ies rev ea led  four groups in com m on with the Glasgow m utan ts 
(F lam and and P rin g le , 1971). At the re s tr ic t iv e  te m p e ra tu re  
m utan ts of G roups 1 and 1 v did not induce sy n th esis  of v ira l  
RNA, those of Group 3 did. The functions a sso c ia ted  with the 
m utan ts of G roups 1, 11 and Iv  w ere  shown to be re q u ire d  e a rly , 
those  of group 111 w ere  not req u ired  un til a  la te r  stage of the 
v ira l  cycle  (P ring le  and Duncan, 1971).
A fu r th e r  48 ts  m utan ts of the New J e rs e y  s tra in  of VSV 
have been iso la ted  and c la ss if ie d  into 6 com plem entation  groups. 
No com plem entation  has been observed  betw een th ese  and the 
m utan ts of the Indiana s tra in  (P ring le  e t a l. , 1971).
(5) P ic o rn a  v iru s  g roup .
(a) F oot and Mouth D isease  v iru s  (FMDV).
It had been shown in 1965 that recom bination  could 
be obtained following m ixed infection of c e lls  w ith 
im m unologically  d is tin c t s tra in s  of FMDV (P rin g le , 1965). 
Follow ing th is  m utan ts w ere  iso la ted  which w ere shown 
to com plem ent and recom bine (P rin g le , 1968). F u r th e r
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w ork exam ined the  physio log ical d e fec ts  of 17 ts  m utan ts 
in te rm s  of th e ir  ab ility  to produce in fec tive  RNA and 
com plem ent fixing antigen  under re s tr ic t iv e  conditions.
G enetic recom bina tion  w as observed  in c ro s s e s  of m utan ts 
w ith d iffe ren t physio log ica l e ffec ts , such th a t the m utan ts 
w ere  a rra n g e d  in five g roups, but the p ro b lem s involved in 
in te rp re ta tio n  of two fac to r  c ro s s  re s u l ts  w ere  s tre s s e d  
(P rin g le  e t a l. , 1970).
(b) Polio  v iru s .
S tudies w ith conditional le th a l m u tan ts of r ib o v iru se s  
have p ro g re s se d  fu r th e r  w ith Polio  v iru s  than  with any 
o th e r v iru s . This followed the iso la tio n  in 1963 of a  la rg e  
num ber of ts  m utan ts following m u tag en esis  w ith 5' f lu o ro u ra c il 
(Cooper, 1964). Follow ing the app roach  w ith T4, it was 
shown th a t when c e lls  w ere  m ixedly  in fec ted  w ith two of the 
m u tan ts  a t the n o n -p e rm iss iv e  te m p e ra tu re , the y ie lds 
w ere  4 -14  tim e s  the sum  of the y ields of each  m utant when 
grow n se p a ra te ly . The y ields w ere  found to be 90-99% 
m utan t but only one of the m utan ts w as d e tec ted  in the 
y ie ld s  (C ooper, 1965). This w as follow ed in 1966 by an 
a ttem p t to d e te rm in e  the num ber and function of the defective 
v ira l  genes in te rm s  of (1) The production  of Po lio  v iru s  
antigen: a-!-, (2) The p reven tion  of c e llu la r  in co rp o ra tio n  of 
thym idine: p t i f , (3) The p reven tion  of P^^ in co rp o ra tio n
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into re sp ec tiv e ly  28s, 16s o r 4-103 c e llu la r  RNA: 
p p ij4 , pp i2 *t, p p ig f . The wild type v iru s  d isp layed
a ll  four c h a ra c te rs  a t the n o n -p e rm iss iv e  tem p e ra tu re  
but m ost of the 29 ts  m utan ts te s ted  did not. F ou r groups 
w ere  defined with the following com bination of c h a ra c te rs  - 
Group A ; a , pplg, pti; Group B: a, ppi^; Group C: a;
Group D: a ll  c h a ra c te rs  w ild type. O ther com binations 
w ere  not found and so it was concluded th a t these  
c h a ra c te rs  covaried  in an a sy m m e tr ic a l o r  p o la r fashion 
(Cooper et a l. , 1966).
In recom bination  stud ies , a s  th e re  w as no published 
p reced en t fo r a qualita tive  m ap obtained by recom bination  
an a ly sis  of a v iru s  growing in an im al c e lls  o r of an RNA 
v iru s  growing in any ce ll, p a r t ic u la r  a tten tion  w as paid to 
p ossib le  cau ses of v a riab ility  in recom bina tion  freq u e n c ie s :-  
(1) C are  w as taken to identify double m utan ts since m ultip le  
m u tan ts a re  com m on with 5 FU m u tag en esis . (2) Single 
step  m utan ts w ere  se lec ted  which w ere  re la tiv e ly  non leaky. 
(3) D isaggregation  of v iru s  stocks w as achieved by using 
glycine buffer and (4) A ssay  p ro ced u res  w ere  s tandard ised . 
The m ean recom binan t freq u en cies  obtained w ere  then 
rep ro d u c ib le  and c h a ra c te r is tic  of each p a ir  of m u tan ts, 
being betw een 5. 2 and 31 .4  tim es the to ta l background 
re v e rs io n  ra te s  and ranging from  0. 02% to 0. 85%. C erta in
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genetic sequences w ere  proved by th re e  fac to r c ro s se s  
involving a m utant adapted to guanidine re s is ta n c e , and 
th ese  showed that recom bination  freq u en cies  w ere  additive. 
R ecom bination  w as shown to be non-random  with tim e , 
m o st of the m ating events occu rrin g  e a r ly  in the grow th 
cycle (Cooper, 1967; 1968).
The w ork then p ro g re sse d  to a physio log ical leve l 
with te s ts  fo r the production  of infectious RNA and se ru m  
blocking antigen (W entworth et a l. , 1968). No m utant 
p roduced fully wild type y ields of e ith e r  RNA o r antigen.
On the b as is  of the p rev ious c la ss if ica tio n  into groups, it 
was shown that Group A produced the le a s t  RNA and antigen  
while Group D produced the m ost. M utants of Group B and 
Group C produced in te rm ed ia te  y ie lds. W ork of s tru c tu ra l  
p ro te in s  showed that 29 ts  m utan ts lo s t in fec tiv ity  a t 45° 
m oi'e rap id ly  than te4 and w ere concluded as having defects 
in v iru s  s tru c tu ra l  p ro te in s . A d iv ision  into s tru c tu ra l  
and n o n -s tru c tu ra l  p ro te in s  acco rded  v e ry  c losely  with 
th e ir  position  on the genetic m ap, enabling the reg ion  of 
the m ap specifying s tru c tu ra l  p ro te in s  to be defined 
M cCahon and C ooper, 1970). Seven d iffe ren t s tru c tu ra l  
p ro te in s  of Polio  v iru s  have been d istingu ished  so fa r .
As th ese  exceed the probable  tra n s la tio n a l ca%3acity of the 
v iru s  genom e fo r such p ro te in s , it is  p roposed  tha t th e re
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a re  m ultip le  cleavage s ite s  in the p re c u rs o r  p ro te in (s) 
and th a t th e se  a re  u sed  in varying com binations in d iffe ren t 
v ira l  s tra in s  (Cooper et al. , 1970).
(6) RNA tum our v iru s e s .
The iso la tion  of two ts  m utan ts of avian sa rco m a  v iru s  has 
been rep o rte d  by Vogt et a l. , (1970). The m utan ts w ere  found 
to be w ith re s p e c t to vii*us»induced c e llu la r  tra n s fo rm a tio n  as 
w ell a s  v iru s  production . The ts  function of one m utan t was 
found to occur e a r ly  in the infectious cycle and the o th er m utant 
w as shown to have a la te  function. C oinfection of c e lls  with one 
ts  m utan t and a w ild type v iru s led to com plem entation . The 
w ild type could be d istingu ished  fro m  the m utan t by a num ber of 
m a rk e rs .  It w as n e c e s sa ry  to c a r ry  out the com plem entation  
ex p erim en ts  in th is  way because  the two ts  m u tan ts both belonged 
to the sam e av ian  tum our v iru s  subgroup and th e re fo re  in te rfe re d  
w ith each  o th er.
T em p era tu re  sen sitiv e  m utan ts of the Schm idt-R uppIn s tra in  
of Rous S arcom a v iru s  iso la ted  by M artin  (1970) have been 
shown to t ra n s fo rm  a t the p e rm iss iv e  te m p e ra tu re  but not a t the 
n o n -p e rm iss iv e  te m p e ra tu re  although the v iru s  grew  n o rm ally  
a t both te m p e ra tu re s . When shifted  fro m  the p e rm iss iv e  to the 
n o n -p e rm iss iv e  te m p e ra tu re , the in fected  c e lls  lo s t the p ro p e r tie s  
of tra n s fo rm e d  c e lls , ind icating  tha t the m u tan t function was 
re q u ire d  fo r  the m ain tenance  of the tra n s fo rm e d  s ta te . The
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m utants w ere  a lso  found to produce fu sifo rm  c e lls  in s tead  of 
the round c e lls  re su ltin g  fro m  infection by the wild type v iru s .
The o b se rv a tio n  tha t the v ira l  genome w as req u ire d  for 
the in itia tion  and m ain tenance of neop lastic  c e llu la r  p ro p e r tie s  
would suggest th a t fu r th e r  w ork on ts  m utan ts of RNA tum our 
v iru se s  m ay lead  to an iden tification  and c h a ra c te r is a tio n  of 
v ira l  functions re sp o n sib le  fo r neop lastic  tra n s fo rm a tio n .
B. DNA V iru ses ,
(1) Pox v iru s  group.
Two m em b ers  of th is  group, rabbitpox and vacc in ia , 
have been studied , Rabbitpox, with a DNA m olecule  of 
160 X 10^ da ltons, could code fo r four hundred  av erag e  sized  
p ro te in s  (about SO, 000 am ino acids) so th a t the com plete  genetic 
and functional an a ly sis  ren d e red  th e o re tic a lly  p o ss ib le  by the 
use  of ts  m utan ts of th is  v iru s  would be a m a jo r  undertak ing .
The f i r s t  ts  m utan ts w ere  iso la ted  in 1966 (Sam brook e t a l. , 1966). 
This w as follow ed by the exam ination  of 18 ts  m u tan ts in 
com plem enta tion  and recom bination  e x p erim en ts  and fo r a  few 
p hysio log ica l c h a ra c te rs . A ll the m utan ts excep t one produced 
u4 pocks on the chorioa llan to ic  m em brane . A ll the m utan ts 
d isp layed  the sam e inactiva tion  k in e tics  a s  the w ild type and 
a ll  sy n th esised  DNA a t the re s tr ic t iv e  te m p e ra tu re . A ll excep t 
th re e  p roduced  the sam e range of soluble an tigen  a t the re s tr ic t iv e
5L
and p e rm iss iv e  te m p e ra tu re s . R ecom bination te s ts  showed 
th a t a ll  the m u tan ts w ere  d iffe ren t from  each  o th e r , and the
com plem entation  te s ts  suggested  that the ^ d e f e c t s  in m ost of 
the m utan ts w ere  p robably  in d iffe ren t c is tro n s . An o rd e re d  
a rra n g em e n t of the ts  m utan ts was unable to be m ade due to the 
lack  of ano ther m a rk e r  fo r th re e  fac to r c ro s s e s  (Padgett and 
T om kins, 1968). However p rev ious ex p erim en ts  w ith u m utan ts 
(white pocks on chorio  a llan to ic  m em brane) of the v iru s  showed 
tha t 18 m utan ts could be a rra n g ed  in a l in e a r  o rd e r  accord ing  to 
the p re sen c e  o r absence  of ui* pocks (u lce ra ted  on C. A. M. ) in 
a s e r ie s  of p a irw ise  c ro s s e s . F ive of the m u tan ts  w ere  a ssigned  
to one linkage group, e leven to ano ther and two of the m utan ts 
could not be assig n ed  to e ith e r  group. R ecom bination freq u en c ies  
w ere  not ca lcu la ted  due to c e r ta in  d ifficu lties and tech n ica l 
p ro b lem s which w ere  encoun tered , (Gem m el and F en n e r, I960). 
F u r th e r  ex p erim en ts  with jd m utan ts (fa ilu re  to m ultip ly  on P K -2a 
ce lls ) a ssigned  34 £  m utan ts to one linkage group of the 
recom bination  m .atrix of u m utan ts a.nd by 1966, the linkage m ap 
of the u  m utan ts had been extended to include 51 m u t a n t s .
A num ber of ts  m utan ts of V accinia v iru s  have been iso la ted . 
Some have been shown to be heat lab ile  and one m utant has been 
studied in de ta il. This m utant w as shown to have a  delayed and 
d e c rea se d  ra te  of DNA I'eplication as w ell as a d im in ished  ra te  
of m e sse n g e r RNA tra n sc r ip tio n  a t both the p e rm iss iv e  and
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re s t r ic t iv e  te m p e ra tu re s . T em p era tu re  sh ift ex p erim en ts  
confirm ed  tha t it w as an e a r ly  function m utant. It was 
shown to have only half the RNA p o ly m erase  ac tiv ity  a sso c ia ted  
w ith the wild type v iru s  and the DNA p o ly m erase  w as tw ice as 
heat lab ile  a s  the w ild type. It w as found to com plem ent weakly 
but to recom bine  e ffic ien tly  w ith two o ther ts  m u tan ts (B asilico  
and Joklik , 1968).
(2) P apovav iru s group.
With v iru se s  w ith genom es a s  sm a ll as those  of Polyom a 
and SV40 conditional le th a l m u tan ts, obviously affo rd  an opportunity  
fo r to ta lly  m apping the genom e and elucidating  the functions of 
a ll  the genes of th e se  v iru s e s ,  a p ro sp e c t re n d e red  p a r tic u la r ly  
a ttra c tiv e  by the oncogenic p o ten tia l of th ese  v iru se s . The 
d ifficu lty  of such investiga tions lie s  in the p ro longed incubation 
needed to produce p laques, o r tran s fo rm a tio n  a t the low te m p e ra tu re  
if ts  m utan ts a re  sought.
T em p era tu re  sh ift ex p erim en ts  with o n e ^  m utan t of 
Polyom a v iru s  showed th a t it  w as ts_in tra n s fo rm in g  ab ility  as 
w ell a s  plaque fo rm ation . However once a c e ll w as tra n s fo rm e d  
by th is  m utant a t the low te m p e ra tu re  it re ta in ed  its  tra n s fo rm e d  
c h a ra c te r  when cu ltiva ted  a t an e levated  te m p e ra tu re . The 
explanation  w as that the ts  m utan t was sen sitiv e  to high te m p e ra tu re  
when rep lica tin g  autonom ously  but in sen sitiv e  when in teg ra ted  into
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the host genom e (F rie d , 1965a; b). Since th a t tim e E ck a rt 
(1969) and D iM ayorca (1969) have iso la ted  a la rg e  num ber of ts  
m utan ts of Polyom a v iru s . About half of the m utan ts w ere  shown 
to com plem ent in m ixed in fections. Two com plem entation  groups 
w ere  defined, one of which was defective in a s tru c tu ra l  p ro te in  
and the o th er in a function req u ire d  fo r DNA sy n th esis . M ost 
of the DNA -ve  m utan ts w ere  shown to fa il (to cause  tran s fo rm a tio n  
a t the re s tr ic t iv e  te m p e ra tu re . A ll the m utan ts w ere  found to 
produce T antigen  a t the re s tr ic tiv e  te m p e ra tu re . R ecom bination 
has been d em o n stra ted  betw een two ts  m utan ts of Polyom a v iru s  
(ishikaw a and D iM ayorca, 1970). The a ssa y  w as shown to be 
com plica ted  by com plem entation  and leak in ess  but when the 
n e c e ssa ry  co n tro ls  w ere  in troduced, the recom bination  frequency  
w as found to be a t le a s t 0. 24% between the p a ir .
As w ell as  the w ork on Polyom a v iru s  th e re  have been 
re p o r ts  on the iso la tion  of ts  m utan ts of SV'40 v iru s . One ts  
m utant of SV40 w as studied in te rm s  of the sy n th esis  of v ira l  DNA 
and v ira l  induced p ro te in s  a t the re s tr ic tiv e  te m p e ra tu re  (Take mo to 
and M artin , 1970). A second re p o r t by T eg tm eyer and O zer (1971), 
on the c h a ra c te r is a tio n  of 10 ts  m u tan ts, showed that the m utants 
could be divided into th re e  functional and two com plem entation  
groups. Seven m utan ts produced T antigen, infectious DNA and 
s tru c tu ra l  antigen but p redom inate ly  the em pty sh e ll type of v iru s  
p a r tic le . Two m utan ts produced T antigen and infectious DNA
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but no V antigen  o r  v iru s  p a r t ic le s  w ere  found, A single m utant 
w as defective  in the syn thesis  of v ira l  DNA, v ira l  s tru c tu ra l  
an tigens and v ira l  p a r t ic le s . This m utant s tim u la ted  c e ll DNA 
syn thesis  a t the re s t r ic t iv e  te m p e ra tu re  and com plem ented  the 
o th er two functional g roups of m utan ts.
(3) Adeno v iru s  group.
The f i r s t  ex p erim en ts  on conditional le th a l m utan ts of 
Adeno v iru s  w ere  on Adeno v iru s  12, w here it w as d isco v ered  
tha t m utan ts of the v iru s , which produced c le a r  p laques (cyt) could 
be reco v ered  fro m  wild type v iru s  (T akem ori e t a l. , 1968). The 
cyt m u tan ts w ere  found to be le s s  oncogenic (except one) than  cyt-f, 
and it w as d isco v ered  th a t a  p ropo rtion  of the m utan ts rep lica ted  
v e ry  poorly  in a p a r t ic u la r  line of KB c e lls  (T akem ori and 
A ld rich , 1968). A lthough it has been found th a t d iffe ren t cyt 
kb m utan ts fa il to com plem ent in the re s t r ic t iv e  line of KB ce lls , 
the sy s tem  does p rov ide  a host c e ll which is r e s t r ic t iv e  fo r 
c e r ta in  m u tan ts, w hich can th e re fo re  be re g a rd ed  a s  host 
dependent conditional le th a l m u tan ts.
A num ber of m utan ts of Adeno v iru s  31 have a lso  been 
iso la ted  and one of th ese  m utan ts has been studied  in som e d e ta il.
It w as shown th a t a t the n o n -p e rm iss iv e  te m p e ra tu re , T antigen, 
DNA p o ly m erase  and thym idine k inase  w ere  induced but v ira l  
DNA and capsid  p ro te in s  w ere  not sy n thesised  (Suzuki and 
Shim oto, 1971). The iso la tion  of ts  m utan ts of av ian  Adeno v iru s
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has a lso  been rep o rte d  (ïsh îbash î, 1970).
The m o st com prehensive  an a ly sis  of Adeno v iru s  genetics 
is  th a t of Adeno v iru s  5. T em p era tu re  sen sitiv e  m utan ts w ere  
iso la ted  using n itro u s acid , hydroxy lam ine and 5 -b rom odeoxyurid ine 
(W illiam s e t a l. , 1971), C om plem entation  an a ly sis  has assigned  
ten  of the m utan ts to nine groups and the com plem enta tion  w as 
shown in m o st c a se s  to be ex trem e ly  effic ien t. P re lim in a ry  
recom bina tion  ex p erim en ts  gave recom bination  freq u en c ies  
ranging fro m  0. 5 to 7. 6% and it w as shown th a t tru e  ts-f- 
reco m b in an ts  w ere  being produced, (W illiam s and U staceleb i,
1971). Two of the ts  m utan ts tra n s fo rm  r a t  em bryo  c e lls , one 
w ith the sam e frequency  as  the wild type and the o th er w ith  a 
c o n sid erab ly  low er frequency  (W illiam s and U stace leb i, 1971).
Two of the m utan ts which com plem ent each  o th e r in th e ir  ts  
function, do not induce in te rfe ro n  a t the n o n -p e rm iss iv e  
te m p e ra tu re  but induce it a t the p e rm iss iv e  te m p e ra tu re  (U staceleb i 
and W illiam s, 1972).
(4) H e rp e s v iru s  g roup.
F o r  HSV recom bination  with m a rk e rs  affecting  pock 
c h a ra c te r  and v iru len ce  w ere  rep o rte d  by Wild y (1955), but 
un til rec en tly  little  fu r th e r  p ro g re s s  has been rep o rte d . The 
iso la tion  of ts  m u tan ts of HSV w as f i r s t  re p o rte d  by Subak-Sharpe 
(1969) and since th a t tim e the iso la tion  of ts  m u tan ts  of a d iffe ren t 
s tra in  of HSV Type 1 has been rep o rte d  by Schaeffer et a l. , (1971)
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and the iso la tio n  of ts  m utan ts of HSV Type 2 h as been rep o rte d  
by T lm bury  (1971), The iso la tion  of ts  m u tan ts of one o th er 
m em b er of the  H erpes group - P seu d o rab ies  v iru s  has been 
rep o rte d  by Huy e t a l, , (1971) and P rin g le  (1972).
It can be seen  fro m  the foregoing account th a t the num ber 
of investiga tions using  conditional le th a l m u tan ts  to study an im al 
v iru se s  is  su b s tan tia l. H ow ever, w ith an im al v iru se s  the study 
of genetic  recom bina tion  is  in its  infancy and the e s tab lish m en t 
of linkage m aps has h a rd ly  begun. In g e n e ra l the tech n ica l 
p ro b lem s p e c u lia r  to d iffe ren t v iru s  sy stem s m akes quantita tion  
fo r assign ing  the o rd e r  of m utan ts d ifficu lt. G enetic m aps have 
not been fo rthcom ing  and a t p re s e n t the genetic  m ap of Polio  
v iru s  is  the only reaso n ab ly  com plete m ap.
Since the tim e  of the f i r s t  iso la tion  of ts  m u tan ts  of Glasgow 
s tra in  17 we have m ade a genetic  study w ith nine ts  m u tan ts and 
the re s u lts  obtained a re  rep o rte d  in th is  th e s is .
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MATERIALS AND METHODS.
1. V iru s .
H erpes sim p lex  v iru s  Type Î * Glasgow s tra in  17 w as used  
throughout th is  study. This s tra in  w as d e riv ed  by plaque p u rifica tio n  
fro m  an iso la te  m ade fro m  a p a tien t by Dr. Connie R o ss  a t R uchill 
H osp ita l, Glasgow. The v iru s  grow s w ell a t te m p e ra tu re s  in the 
range 31° to 38® and p ro d u ces p laques with a n o n -sy n cy tia l m orphology. 
F ro m  th is  w ild type v iru s  a m utan t w ith a syncy tia l plaque m orphology 
(designated  syn) w as iso la ted , pu rified  by 3 su c ce ss iv e  single plaque 
p u rific a tio n s  and m ade into 17 syn stock. This 17 syn stock  was 
the p a re n t fro m  w hich nine independently  induced te m p e ra tu re  
sen sitiv e  (ts) m utan ts w ere  deriv ed  following m u tag en esis  w ith 
5-b rom odeoxyurid ine . E ach  ts  m utant was given a  le t te r  sym bol, 
eg, tsA . The syn and ts  syn m u tan ts w ere  Iso la ted  by P ro fe s s o r  J . H, 
Subak-Sharpe.
2. T issu e  c u ltu re  ce lls .
The c e lls  u sed  throughout th is  study w ere  the continuous line 
BHK21/C13 of h a m s te r  kidney fib ro b la s ts  iso la ted  by M acpherson 
and S toker (1962).
3. M edia.
(a) Grow th m ed ia .
The basic  grow th m edium  was a m odified E a g le ’s m edium
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(Busby, House and M acdonald, 1964) containing 100 u n its /m l 
of P en ic illin , 100 p g /m l of S trep tom ycin , 0. 002% phenol red  
and 0. 2 p g /m l of the an tim ycotic  agent n -bu ty l, ^ -hydroxy  
benzoate and supplem ented w ith Difco try p to se  phosphate b ro th  
(stock  solution of 2. 95% in d is tilled  w ater) and se ru m  in the 
following com binations by volum e:
E, T. C . 80% E a g le ’s m edium , 10% try p to se  phosphate b ro th ,
10% ca lf serum*
E* T, C. 5%, 85% E a g le 's  m edium , 10% try p to se  phosphate 
b ro th , 5% ca lf se ru m .
E . T. Hu. 80% E a g le 's  m edium , 10% try p to se  phosphate b ro th , 
10% pooled hum an serum .
(b) P hosphate  buffei'ed sa line  A (P. B* S. A. ) .
A solution of 0. 17 M -N aCl, 3 .4  m M -K Cl, 10 m M -Na^HPO^ 
and 2 m M -KHgPO^, pH 7 .4  (Dulbecco and Vogt, 1954).
(c) P . B* S. A*C*
P . B. S. A* supplem ented with 10% calf se ru m .
(d) T ry p s in -v e rse n e .
One volum e of 0. 25% (w/v) Difco try p s in  (d isso lved  in 
t r i s - saline) and four volum es of 0. 6 mM v e rsen e .
(e) V e rse n e .
E thylene d iam in e te traa ce tic  acid  (0 .6  mM) d isso lved  in 
P . B. S. A. and containing 0. 002% (v/v) phenol red .
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{£) F o rm a l sa line .
A solution of 4% (v/v) form aldehyde in 85 m M -N aC l,
0 *  1
te) G lem sa s ta in .
A 1, 5% (v/v) suspension  of G iem sa in g ly ce ro l, heated  at 
56® fo r 90-120 m inu tes and d ilu ted with an equal volum e of 
m ethanol, (D acie, 1956).
4. C eil cu ltu re  sy stem .
Low p a ssa g e  BHK21/C13 c e lls  w ere  seeded in 200 m l of E, T. G. 
m edium  in ro ta tin g  80 oz* W inchester b o ttle s  (10 c e lls /b o ttle )  
and incubated in an a tm o sp h ere  of 5% COp a t 37° on a ro l le r  bottle 
c u ltu re  ra c k  of the type d e sc rib e d  by House and W ildy (1965). Two 
to th re e  days la te r  when a confluent m onolayer had fo rm ed ,
(3-4 X 10^ c e lls /b o ttle )  the c e lls  w ere  rem oved  fro m  the w alls  of the 
bo ttle  by w ashing tw ice w ith T ry p s in -v e rse n e , suspended  in E . T. C. 
and d ispensed  into r o l le r  bo ttle s a t app rox im ate ly  2 x 10^ c e lls /b o ttle . 
The c e ll  line w as subsequently  m ain tained  by s im ila r  s e r ia l  dilu tion. 
R o lle r bo ttles containing confluent c e ll  m ono layers p roduced  by th is  
m ethod w ere  u sed  fo r a ll  v iru s  grow th ex p erim en ts .
5. P ro d u c tio n  of v iru s  stocks.
The grow th m edium  w as rem oved  fro m  r o l le r  bo ttle  c u ltu re s  of 
newly confluent BHK21/C13 c e lls  and rep laced  by 20 m l E . T. C. 5%
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containing v iru s  a t a m u ltip lic ity  of 0. 003 plaque form ing  un its 
(p. f ,u . ) /c e ll .  The v iru s  inoculum  was allow ed to a d so rb  to the c e lls  
fo r one hour a t 37° a s  the bottle  ro ta ted . A fter ad so rp tio n  50 m l 
E . T. C. 5% m edium  w as added and the bottle  re tu rn e d  to the ro l le r  
ra c k  to be incubated a t 31° fo r 66 hours o r u n til confluent cytopathic 
effect w as v is ib le . A fter th is  tim e , the c e lls  w ere  h a rv e s te d  by 
shaking the c e ll  sheet into the m edium , the ex cess  m edium  being 
rem oved by cen trifuga tion  a t 900 x g fo r  10 m inu tes a t 4°C . The 
v iru s  containing c e ll  p e lle t w as resuspended  in a sm a ll volum e of 
supernatan t and the c e lls  d isru p ted  by sonication  fo r app rox im ate ly  
5 m inu tes a t 60 m  a m p e re s  in a Dawe Sonic lean  G en era to r. A fter 
cen trifugation  a t 900 x g the su p ern a tan t which contained the v iru s  
p a r t ic le s  w as rem oved  to 4°C while the d e b ris  w as resuspended  in a 
sm a ll volum e of the supernatan t and the ex trac tio n  repeated* The 
supernatan t f rac tio n s  w ere  pooled and subsequently  s to re d  a t -70° 
fo r u se  as v ira l  inoculum . The supernatan t obtained fro m  the 
in itia l cen trifuga tion  w as a lso  used  when the t i t r e  of th is  e x tra c e llu la r  
v iru s  w as high enough* This p ro ced u re  w as used  fo r the grow th of 
a ll  v iru s  stocks. The u su a l y ie ld  of v iru s  w as 100 p. f. u. /c e l l  and 
the E . M. v is ib le  p a rtic le ;p . f. u. ra tio  was le s s  than  10:1.
6. P laque titra tio n .
D ilutions of v iru s  in E , T. C. o r P . B. S. A. C. w ere  added to 
suspensions of c e lls  a t 4 x  10^ c e l ls /m l. The infected  c e lls  w ere
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m ain tained  in suspension  fo r 30 m inu tes a t 37° to allow  adso rp tion  
(and som e penetra tion ) to o ccu r and then a liquots of 4 x  10^ c e lls  
w ere  d isp e rse d  in 4 m l of E. T. Hu. in 50 m m  p la s tic  p la te s . A fter 
incubation fo r two days a t 36° o r  38° o r  fo r th re e  days a t 31°, the 
m edium  w as rem oved  and the c u ltu re s  fixed by exposu re  to fo rm al 
sa line  fo r 10 m inu tes. A fter rem o v a l of the fo rm a l sa line  the c e ll 
sheet w as sta ined  w ith G iem sa fo r 10 m inutes at room  te m p e ra tu re .
The p laques w ere  counted using a d issec tin g  m ic ro sco p e  at a 
m agnification  x 50.
7, O n e-step  grow th c u rv e .
BHK21/C13 c e lls  suspended in E. T. C. a t a con cen tra tio n  of
4 X 10^ c e l ls /m l  w ere  in fec ted  w ith v iru s  a t a m u ltip lic ity  of
5 p. f. u. /c e ll . A fter ab so rp tio n  in suspension  at 37° fo r one hour 
o r ad so rp tio n  overn igh t a t 4 ° , the c e lls  w ere  p e lle ted  a t 900 x g fo r 
10 m in u tes , the su p e rn a tan t rem oved  and rep laced  by f re s h  w arm  
E . T. C. The c e lls  w ere  d ispensed  into p la s tic  p la te s  (4 x  10^
c e lls /p la te )  in 4 m l of E. T. G. and rep lica te  p la tes  incubated a t 31°, 36 
and 38°C. At subsequent in te rv a ls  se ts  of p la tes  incubated at a ll  
th re e  te m p e ra tu re s  w ere  rem oved  fro m  the in cu b a to rs  and the c e lls  
w ere  suspended in grow th m edium  and sonicated . The lib e ra te d  
c e llu la r  v iru s  w as t i t ra te d  fo r in fec tiv ity  to d e te rm in e  the to ta l 
in fectious v iru s  produced.
8. Single plaque pu rifica tio n  of v iru s .
P u rif ic a tio n  of v iru s  stocks was achieved by growing stocks
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fro m  single p laques. C ells  w ere  infected  with v iru s  a t d ilu tions 
ca lcu la ted  to  give v e ry  few p laques p e r  p la te . A fte r incubation in 
E . T. C, a t 31° fo r 3 days, the m edium  w as rem oved  and the m onolayer 
w ashed w ith f re s h  E . T. G. to rem ove any e x tra c e llu la r  v iru s . Using 
a d issec tin g  m ic ro sco p e  the v iru s  fro m  single non-overlapp ing  p laques 
w as taken  up w ith finely  draw n out p a s te u r  p ip e ttes  and each  t r a n s fe r re d  
to 1 m l of E . T. C. in  a bijoux bo ttle . V irus w as re le a s e d  by 
son ication  fo r app rox im ate ly  1 m inute. The 1 m l of v iru s  w as added 
to 4 m l of c e lls  and a f te r  ad so rp tion  in suspension  1 m l a liquots w ere  
d ispensed  in 4 m l E. T. G. into 50 m m  p las tic  p la te s . A fter incubation 
fo r 2 /3  days the sam e p ro ced u re  w as rep ea ted . Single plaque 
p u rifica tio n  w as su c ce ss iv e ly  c a r r ie d  out th re e  t im e s . F ro m  the 
f in a l p lating  sing le  p laques w ere  again  iso la ted  into 1 m l m edium .
T his w as added to  1 m l of c e lls  (4 x  10^ c e lls /m l)  in E. T. C. and 
a f te r  ad so rp tion  the  c e lls  w ere  p la ted  out and incubated . Confluent 
cytopathic effect ap p eared  in about 24 hours when the c e lls  w ere  
h a rv e s te d  and the v iru s  re le a s e d  by sonication  fo r app rox im ate ly  5 
m inu tes. T his v iru s  stock  w as adso rbed  to 5 m l of c e lls  (4 x 10^ 
c e lls /m l)  and the t i t r e  in c re a se d  by grow th fo r app rox im ate ly  24 ho u rs  
in a  20 o z  f la t bo ttle  containing 20 m l E. T. G. The re su ltin g  v iru s  
w as re le a se d .b y  son ication  and u sed  a s  seed fo r fu r th e r  stocks using 
the ro l le r  bo ttle  cu ltu re  m ethod.
When p u rifica tio n  is being c a r r ie d  out to ob tain  stocks of pure  
plaque m orphology, the plaque form ing  un its  in the ly sa te  a t each  
s tag e , a re  e s tim a te d  by the s tan d ard  a ssa y  to a s c e r ta in  if the p laques
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obtained a re  of a  single type.
9. C om plem entation  te s ta  fo r  HSV te m p e ra tu re  sen sitiv e  m utan ts.
(a) Infectious c en tre  t e s t .
4 x 1 0 ^  c e lls  in 4 m l E . T. C. w ere  infected  a t a  m u ltip lic ity  
of exposu re  of 5 p.,f*,u. /c e l l  w ith each  of two ts  m u tan ts (to ta l 
M. O. I. ™ 10). A fte r ad so rp tion  in suspension  fo r  one hour at 
37°, 4 m l of E . T . Hu. w as added to each  te s t  to n e u tra lise  
unadso rbed  v iru s . T his w as done by fu r th e r  shaking a t 37° 
fo r  tw enty m inu tes. T hree  d ilu tions of in fec ted  c e lls  w ere  
then  added to th re e  se ts  of 4 m l of uninfected c a r r i e r  c e lls  a t a 
con cen tra tio n  of 4 x  10^ c e l ls /m l ,  and the c e lls  w ere  then  
d isp en sed  into 50 m m  p la s tic  p e tr i  d ishes - 1 m l of c e lls  plus 
3 m l E. T. Hu. F ro m  each  d ilu tion  of the in itia lly  doubly in fected  
c e lls  four p la te s  w ere  obtained - two p la te s  w e re  incubated at 
38°, one a t 36° and one a t 31 °C. A fter incubation fo r  two days 
a t 36° and 38° and th re e  days a t 31°, the c e lls  w ere  fixed and 
s ta ined  and the  in fec tious c en tre  p laques w ere  counted. Self 
c ro s s  c o n tro ls  w ere  c a r r ie d  out in the sam e m an n er w ith a to ta l 
m u ltip lic ity  of esqposure of 10 p. f. u. /c e ll .
The schem e fo r the ex p erim en t is  i llu s tra te d  in Table 1.
The com plem enta tion  index (C. I. ) was c a lcu la ted  a s  -
C . I .  = (A+B)npt/pt___________
J (A n p t/p t f  B npt/p t)
Table 1. C om plem entation  T est; Infectious C en tre  A ssay
Self c ro s s  1 Mixed Infection Self c ro s s  Z
tsA  
4 X 10^ p. f. u.
4 x 1 0 ^  c e lls
V
1 m l
4 m l BHK21/C13 
4 X 10^ c e l ls /m l
tsA X tsB
2 X 10^ p. f. u. + 2 X 10^ p. f. u.
A dsorb  to 4 x 10 c e lls  
by shaking a t 37® fo r 
60 m ins.
V
Shake fo r 20 m in a t 
37® with 4 m l E. T. Hu. 
to n e u tra lise  unadsorbed  
.v iru s.
1 m l 10 - I
4 m l BHK21/C13 
4 X 10^ c e l ls /m l
tsB
4 X 10^ p. f. u.
\ /
4 X 10^ ce lls
V
I m l 10 -2
4 m l BHK21/C13 
4 x 1 0 ^  c e l ls /m l
F ro m  each  d ilu tion  4 p la te s .
2 incubated a t 38®
1 incubated a t 36®
1 incubated a t  31®
2 days
3 days
F ix  and 
sta in  p la te s  
and count 
plaques
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W here A and B re p re s e n t  any p a ir  of ts  m utan ts and n p t/p t 
is  the ra tio  of infectious c e n tre  t i t r e s  at the n o n -p e rm isa iv e  
(36® o r 38®) and p e rm iss iv e  (31®) te m p e ra tu re s  re sp ec tiv e ly .
The denom inato r Is halved because  the co n tro l infected  ce lls  
rece iv ed  tw ice the num ber of p. f. u. of a m utan t com pared  to 
the m ixed infection. W here no plaques a t a ll  w ere  observed  
a t the n o n * p erm iss iv e  te m p e ra tu re  the h ighest d ilu tion  used  
w as given the value 1.
(b) Yield e x p e rim e n t.
As in the in fec tious c e n tre  te s t  4 x  10^ c e lls  in 4 m l of 
E . T. C. w ere  infected  a t a m u ltip lic ity  of exposu re  of 5 p. f. u. / 
c e ll w ith each  of two ts  m u tan ts. A fter a d so rp tio n  in suspension  
fo r one hour a t 37®, ex ce ss  v iru s  was n e u tra lise d  by the 
addition  of 5 m l E. T. Hu. and fu r th e r  shaking fo r tw enty 
m inu tes a t 37®G. The infected  c e lls  w ere  then  p e lle ted  by 
cen trifuga tion  a t 900 x g fo r ten  m inutes and the m edium  
d isc a rd e d . The c e ll p e lle t was resuspended  in 4 m l E . T. G., piu+ect 
and a f te r  incubation fo r tw enty hours a t 38® the c e lls  and the 
m edium  w ere  h a rv e s te d . V irus w as re le a se d  fro m  the c e lls  by 
son ication  fo r app rox im ate ly  one m inute. The plaque form ing 
un its  in the ly sa te  w ere  e s tim a te d  by the s tan d ard  plaque a s sa y  
a t 31® and 38®C. Self c ro s s e s  w ere  c a r r ie d  out in the sam e 
way w ith a  to ta l m u ltip lic ity  of 10 p. f. u. / c e l l . The schem e 
fo r the ex p erim en t is  i llu s tra te d  in Table 2.
Table 2. C om plem entation  T est; P rogeny  Yield T es t
Sell c ro s s  1 Mixed Infection Self c ro s s  2
tsA
4 X 10^ p. f. u.
V
4 x 1 0 ^  c e lls
V
V
tsA  X tsB
2 X 10^ p. f. u. i- 2 X 10^ p. f. u,
A dsorb  to 4 x 10 c e lls  
by shaking a t 37® fo r 
60 m in.
Shake fo r 20 m in  a t 
37® w ith 4 m l E. T. Hu. 
to n e u tra lise  
unadso rbed  v iru s .
P e lle t c e lls , d isc a rd  
m edium  and re  su spend 
in 4 m l E. T. G. cmu
V
Incubate 20 h r at 38®
tsB
74 x 1 0  p. f. u
\f/
4 X 10^ c e lls
V
V
V
H arv es t c e lls  4 m edium  
and son icate .
\ /
T itra te  v iru s  a t 31® 
and 38®.
V
\ /
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The com plem entation  index w as ca lcu la ted  a s  •
C I = (A+B)31° - (A+B)38°
f A ^ l '  + 3 3 1 “)
W here (A+B)3^ and (A+B)3® rep resen t the t itre  of progeny
f ro m  the c ro s s  tsA  x tsB , p e rfo rm ed  a t 38*, when a ssay ed
a t 31* and 38* re sp ec tiv e ly . The denom inato r re p re s e n ts
the sum  of the y ie lds of the co n tro l infections and is  halved
fo r the re a so n  d e sc rib e d  above (M ethods Section 9a). The 
38(A+B) fac to r  c o r re c ts  fo r any ts+  recom binan ts  th a t m ay 
have a r is e n . Vktn cvo*»e» f»© ©Lt
■fke  n\.pV,  ^ t k  t  V o l u e  \ Lwc. » CLSi. u "^0 n t i v e  ©i « noMAitto-ioi
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10. R ecom bination  t e s t s .
(a) Two fa c to r  c ro s s e s .
4 x 1 0 ^  c e lls  in 4 m l of E. T. C. w ere  in fec ted  a t a 
m u ltip lic ity  of exposu re  of 5 p. f. u. /c e l l  of each  of two ts  
m u tan ts. A fter ad so rp tio n  in suspension  a t 37* fo r one hour, 
the e x c e ss  v iru s  w as n e u tra lise d  by the  addition  of 4 m l E . T, Hu. 
and fu r th e r  shaking fo r tw enty m inutes a t 37*C. The c e lls  w ere  
p e lle ted  by cen trifu g a tio n  a t 900 x g fo r ten  m in u te s , the m edium  
d isc a rd e d  and the  c e lls  resu sp en d ed  in 4 m l E . T, C. The 
in fected  c e lls  w ere  d ispensed  in 50 m m  p la s tic  d ish es  and 
incubated  a t 31 * fo r tw enty four hours. A fte r incubation the 
c e lls  and the m edium  w ere  h a rv e s te d  and the v iru s  re le a s e d  fro m  
the c e lls  by son ication  fo r 1 m inute. The p laque fo rm ing  u n its  
in the ly sa te  w ere  e s tim a te d  by the s tandard  plaque a ssa y  a t 31* 
and 38®C. Self c ro s s e s  w ere  c a r r ie d  out in the sam e way with 
a to ta l m u ltip lic ity  of exposu re  of 10 p. f. u. / ce ll.
The schem e fo r the experim en t is  i llu s tra te d  in Table 3.
R ecom bination  frequency  (R. F . ) w as ca lcu la ted  a s  -
R, F .%  = -^------ i—  ^ X 2 X 100
(A+B)31°
W here ( A f B ) r e p r e s e n t s  the t i t r e  of progeny  fro m  the c ro s s  
tsA  X tsB  a ssa y ed  a t 38°. The fac to r of 2 tak es  into account 
the double m utant recom binan t which is  a ssu m ed  to a r is e  w ith 
the sam e frequency  as the se lec ted  ts+  recom binan t.
Table 3. R ecom bination E x perim en t
Self c ro s s  1 Mixed Infection Self c ro s s  2.
tsA
4 X 10^ p. f. u.
4/
[ X 10^ c e lls
V
V
tsA  X tsB
2 X lO ^p.f. u. + 2 X 10  ^ p. f . u.
A dsorb  to  4 x  10 c e lls
by shaking a t 37° fo r 
60 m in.
Ni/
Shake fo r 20 m in at 
37° w ith 4 m l E, T. Hu. 
to n e u tra lise  unadsorbed  
v iru s
\1/
P e lle t  c e lls , d isc a rd  
m edium  and re  su spend 
in 4 m l E. T. G. «.«u plo.ta
Incubate 24 h r s. 31 °C
H arv es t c e lls  + m edium  
and sonicate .
VT itra te  v iru s  31° and 
38°
tsB
4 X 10^ p. f. u,
4 X 10 c e lls
\ /
V
\\/
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The ca lcu la ted  recom bina tion  frequency  is  c o rre c te d  fo r 
back  m utation  and leak in ess  of e ith e r p a re n ta l t s  m a rk e r  by 
su b trac tin g  the  c o rre c tio n  fac to r:
C .F . ^ g38/g31)^
T his value w as obtained fro m  the co n tro l se lf  c ro s s e s  and is 
halved fo r the rea so n  d e sc rib e d  above, (M ethods Section 9a), 
T h ere fo re  the com plete  fo rm u la  fo r calcu lating  recom bination  
freq u en c ie s  is  *
R. F , % = 100 X 2 (A+B)38/31 .  i  (A38/31 + B38/31]]
(b) T h ree  fac to r  c ro s s e s .
The m ethod used  w as as fo r two fac to r  c ro s s e s  but in th is  
c ase  the two ts  m u tan ts in each c ro s s  d iffe red  in plaque 
m orphology i .e .  tsA syn  x tsBsvn~*'. The re c ip ro c a l  c ro s s e s  
w ere  C arried  out fo r each  of the possib le  c ro s s e s  i. e. tsA syn  x 
tsB sy n ’^  and tsA syn^ x  tsB syn .
11. H eat in ac tiv a tio n .
V irus suspensions w ere  d ilu ted  1:10 in P . B. S. A. Ci to give a 
volum e of 2 m l and incubated a t 4 5 ° C o r 5 5 ° C .  0.1 m l sam ples
w ere  w ithdraw n a t in te rv a ls  and assay ed  fo r in fectious v iru s i
12, P a r t ic le  counts.
A sam ple  of the v iru s  stock, d ilu ted  in d is tille d  w a te r w as
60 .
m ixed w ith an equal volum e of phospho tungsta te  ac id  and an equal 
volum e of a solution of la tex  sp h e re s  of known concen tra tion . A 
sam ple  of the m ix tu re  w as exam ined in the  e le c tro n  m ic ro sco p e . 
The con cen tra tio n  of v iru s  p a r t ic le s  was ca lcu la ted  by com parison  
of the num ber of v iru s  p a r t ic le s  w ith the num ber of la tex  sp h e res .
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RESULTS
I. G en era l P ro p e r t ie s  of Wild Type and M utant S tra in s  of 
HSV Type 1.
A. In troduction
B efore  em bark ing  on a  genetic  an a ly sis  of H erp es sim p lex  v iru s  
Type 1, it w as c o n sid e red  n e c e s sa ry  to investiga te  som e of the 
g e n e ra l p ro p e r tie s  of the w ild type v iru s , (Glasgow s tra in  17) and 
the te m p e ra tu re  se n s itiv e  and plaque m orphology m u tan ts  de rived  
fro m  it. T his w as app roached  fro m  se v e ra l d ire c tio n s .
(1) The n a tu re  of the  plaque m orphology and ts  m u tan ts.
(a) The n a tu re  of the plaque m orphology m utan t w as 
exam ined by investiga ting  the s tru c tu re  of the plaque© 
fo rm ed  in BHK21/C13 c e lls  by syn and syn+ v iru s  stocks.
The s tab ility  of the plaque m orphology m a rk e r  a t the th re e  
te m p e ra tu re s  w as a lso  investigated .
(b) A co m parison  w as m ade of the am ount of grow th 
d isp layed  by each  of the t s  m utan ts a t the  th re e  te m p e ra tu re s .
(Z) G row th p a tte rn s  in the fo rm  of sing le  cycle  grow th ex p erim en ts  
w ere  exam ined fo r the  w ild type v iru s  and each  of the  ts  m u tan ts , 
to a s c e r ta in  if th e re  w ere  any g ro ss  d iffe ren c e s  in the tim e  
c o u rse  of v iru s  p roduction . A com parison  of the grow th cy c les  
of syn and syn^ m utan ts w as a lso  m ade.
(3) To d e te rm in e  if any of the ts  m utan ts had a lte ra tio n s  in th e ir
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coa t p ro te in s  w hich re su lte d  in an a lte re d  s ta b ility  to e levated  
te m p e ra tu re s , hea t inac tiva tion  ex p erim en ts  fo r  both w ild type 
and each  of the ts  m u tan ts  w ere  c a r r ie d  out.
(4) E x p erim en ts  w ere  c a r r ie d  out to d e te rm in e  if b reak th rough  
of the ts  m u tan ts a t the n o n -p e rm iss iv e  te m p e ra tu re  w as due to 
re v e rs io n  o r  le a k in e ss .
(5) The p a rtic le :p . f. u. ra t io s  of wild type v iru s  and ts  m utan ts 
and the fa c to rs  influencing th e se  ra tio s  w ere  Investiga ted .
B. P laque  m orphology m utant.
The o rig in a l iso la te  of HSV gave syn+ p laques in BHK21/G13 
c e lls . A syn plaque a ro s e  fro m  the syn-f stock  by spontaneous 
m uta tion . T his w as p u rified  by th re e  su ccess iv e  sing le  plaque 
iso la tio n s and a syn stock  w as g ro w n u p . F ro m  th is , fu r th e r  single 
syn p laques w ere  grow n into se p a ra te  stocks and th ese  stocks gave 
r i s e  to one m utan t each , a f te r  BtJdR m u tag en esis .
^  - syn - BUdR — -9 i s .  A syn 
“ B U dR  > iâ .®  syn
P a tie n t iso la te  —^ syn
sy n f - syn - B U dR ------  ^ syn
- syn - B U dR   ^ syn e tc .
E ach  of the m u tan ts , a s  p rov ided  by P ro fe s s o r  J . H. Subak-Sharpe, 
w as th e re fo re  o rig in a lly  ava ilab le  in only the syn fo rm . Since it 
w as ap p aren t th a t the syn m a rk e r  w as back m utating  to syn+ it w as
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obvious th a t a com plete  co llec tion  of ts  m utan ts w ith the syn-i- 
a lle le  could a lec  be obtained. T h ere fo re , I iso la ted  single plaque 
re v e rta n te  to syn-f and s tocks of each  of the ts  m u tan ts and the  t s f ,
jn mmKinatiAM w ith AithAi* mvm at* «vm+ AbtaiMAii.
in Combination with either syn o r  synt  were obtained.
P a tie n t
iso la te
R ep lica tion
7 17 sy n t
A
F o rw ard
m utation
Back
m utation
17 syn
R eplica tion
The two types of plaque a re  quite e a s ily  d istingu ished  (Photographs 
la  and lb ). The syncy tia l is  fo rm ed  by the fusion  of an  in fec ted  ce ll 
w ith the su rround ing  non*infected c e lls  to give r i s e  to g ian t m u ltinuclea te  
fused  c e lls . The s itua tion  is  id en tica l to th a t an a ly sed  by R oiam an 
(1962a). The syn+ n o n -sy n cy tia l p laques p re s e n t quite  a  d iffe ren t 
ap p earan ce . T hese  a re  fo rm ed  of rounded up c e lls  and no syncytia
a re  p re se n t. The m orphology of both phenotypes re m a in s  the sam e
at both the  p e rm is s iv e  and n o n -p e rm iss iv e  te m p e ra tu re s . The syn+ 
a p p ea rs  to be s ligh tly  dom inant o v er the syn in double in fec tions of the 
wild type v iru s  i. e. ts4  syn x ta+ syn+.
The av erag e  s ize  of plaque reach ed  by 1, 2 and 3 days is  0 .2 5 ,
0. 5 and 1 m m  resp ec tiv e ly . The syn-t- p laques tend on av erag e  to 
be sligh tly  s m a lle r  than  the syn p laques.
P h o t o g r a p h  l a  s y n c i j t i a l  p l a g u e  syn
l b  n o n - s y n c  i|t i al p l a q u e  s y n  +
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C. T em p era tu re  sen sitiv e  m u ta n ts .
C om parative  a s s a y  of te m p e ra tu re  sensitive  m utan ts of HSV 
a t 31", 36° and 38°C.
R ela tive  t i t r e s  of two stocks of each ts  m utan t a ssa y e d  at 
31°, 36° and 38° a re  shown in Table 4. The t i t r e s  a re  those  of 
stocks w hich gave the low est and h ighest o b se rv ed  effic iency  of 
p lating  (e. o .p . ) a t the n o n -p e rm iss iv e  te m p e ra tu re  of 38°C.
The d iffe ren ce  in the am ount of grow th a t 38* su g g ests  tha t a ll  nine 
m utan ts (with the p o ss ib le  exception of tsE ) , r e v e r t  to w ild type, 
indicating tha t they  a re  a ll  like ly  to be single s ite  m u ta tions. The 
e .o .p s .  ranged  fro m  le s s  than 10“  ^ to g re a te r  than  10~? fo r  the 
38°/31° te m p e ra tu re s . F o r  a  given m utant the e. o. p. of d iffe ren t 
stocks a t the n o n -p e rm iss iv e  te m p e ra tu re  w as re la tiv e ly  constan t 
in som e c a se s  e .g .  tsD , ts E , ts i  but fo r o th e rs  w as m o re  v a riab le  
e. g. tsA , to p , t s F  and tsG . T his v a ria tio n  w as shown to be m ostly  
due to 'leak iness*  but in addition it could in som e c a se s  be shown to 
be due to back  m utation  to wild type (R esu lts Section IF ). W here 
the am ount of grow th a t 38* was due to re v e rs io n  the  effic iency  of 
p lating  of stocks could be co n sid erab ly  im proved by cloning fro m  
single p laques. JTsF and taC  often gave r is e  to stocks w ith high 
leve ls  of grow th a t the n o n -p e rm iss iv e  te m p e ra tu re . However i t  has 
on occasion  been  p o ss ib le  to grow  stocks w ith rea so n ab ly  low background 
lev e ls . T able 5 shows the effic iency  of p lating  of the stocks which 
w ere  u sed  in the recom bina tion  experim en t fo r  the o rd e rin g  of the
Table 4. T itre s  of HSV ta  m u tan ts a t 31", 36" and 38"C.
ts  m utan t p. f« u. /m l p. f. u. /m l p. f. u. /m l Inhibition Inhibition
H "  36" 38" 36" LoglO 38" LoglO
(a) 4 X 10® 7 x 1 0 ^  2 x 1 0 ^  3 .8  5.3
A
’ (b) 5 . 9 x 1 0 ’*’ 7 . 4 x 1 0  4 . 4 x 1 0 ^  0 . 9  3.2
(a) 2 x 1 0 %  <10% <10% 8 .7  8 .7
(b) 2 . 3 x 1 0 ?  4 x 1 0 ^  2 x 1 0 ^  2 . 8  5.1
(a) 4 x 1 0 ?  8 x 1 0 ?  5 x 1 0 ^  2 . 7  3.9
(b) 7 . 9 x 1 0 ®  2 x 1 0 ®  3 x 1 0 ?  0 . 6  1.4
(a) 2 x 1 0 ®  2 x 1 0 ?  2 x 1 0 ^  1.0 4 . 0
o
' ( b )  3 . 5 x 1 0 ?  7 . 4 x 1 0 ®  2 . 6  x 10^ 0 . 7  3.1
E.
(a) 6 x 1 0 ®  4 x 1 0 ®  <10% 2 .2  6 .0
(b) 7 . 9 x 1 0 ®  8 x 1 0 ®  4 x 1 0 %  2 . 0  6 . 3
(a) 3 x 1 0 ®  10® 8 x 1 0 ®  0 . 5  2 . 6
(b) 3 x 1 0 ®  2 x 1 0 ®  5 x 1 0 ^  0 . 2  0 . 8
(a) 4 x 1 0 ?  5 x 1 0 ^  <10% 2 .9  5 .0
(b) 3 x 1 0 ®  5 x 1 0 ?  3 x 1 0 ®  0 . 8  2 . 2
(a) 1 . 5 x 1 0 ?  1 . 5 x 1 0 ?  3 x 1 0 ®  2 . 0  3.7
(b) 2 . 6 x 1 0 ®  2 x 1 0 ®  2 x 1 0 ®  3.1 3.1
J.
(a) 2 x 1 0 ®  5 x 1 0 ^  3 . 5 x 1 0 ®  3.6 4 . 8
(b) 6 x 1 0 ®  10® 3 X  10® 2 . 8  3.3
(a) Low est o b se rv ed  grow th a t 38"
(b) H ighest o b se rv ed  grow th a t 38".
Table 5. P la tin g  effic iency  of t s  m utan ts u sed
in the  ex p erim en t i llu s tra te d  in Table 21 .
V irus E. O. P. 3 8 ' /3 I
tsA (a) < 5. 0 X 10'®
(b) <4. 0 X 10"®
BP (a)
(b) ^ 1 . 0 % 10*®
t s E (a) ^ 4. 0 X 10-®
(b) < 3, 5 X 10-5
t sC (a) 1.7 X 10-3
(b) 1. 5 X 10-4
t m (a) 3. 8  X 10-4
(b) ^ 4 .  0 X 10*®
BF (a) 5. 0 x 10-4
(b) 1. 9 X 10"4
BP (a) < 3. 0 X 10*®
(b) 0  X 10*®
tal (a) ^ 3. 0 X 10*®
(b) <3. 0  X 10-®
t s J (a) <^ 3. 6 X 10*®
(b) m
(a) syn stocks
(b) syn+ stocks
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m ap (Table 21). T hese  stocks w ere  grown fro m  single plaque 
iso la te s  and it can be seen  tha t in m ost c a se s  the effic iency  of p lating 
w as c o n sid erab ly  im proved , e sp ec ia lly  fo r the tsC  and ts F  stocks.
This would suggest a high back  m utation ra te  p lus se lec tion ,
D. One s te p grow th c u rv e s  of wild type v iru s  and ts  m u tan ts.
(1) O n e-step  grow th cu rve  of HSV Glasgow s tra in  17.
C ell su spensions w ere  inoculated  w ith 5 p. f . u, /c e l l  of 
ts+syn+ and a f te r  ad so rp tion  the infected  c u ltu re s  w ere  grown
fciiWPO»» ■PtfitnX i.m,  *■! * ^
at 31® o r  36® o r  38®C. Sam ples w ere  rem oved  a t se lec ted  
tim e s  a f te r  in fection  and a ssay ed  fo r to ta l in fec tious v iru s  
(grow th m edium  p lus c e lls )  a t 31°, 36° and 38°. F ig u re  1 
shows the re sp ec tiv e  grow th cu rv e s  t i t r a te d  a t 31 °C, T itra tio n  
a t 36° and 38° showed s im ila r  p a tte rn s . The re s u l ts  show that 
a t 36° and 38° in fec tious v iru s  f i r s t  appeared  about four hours 
post in fection  and at 31° new v iru s  f i r s t  ap p ea red  about five hours 
post infection. I r re s p e c tiv e  of te m p e ra tu re  v iru s  production  
continued u n til tw elve hours post infection  a f te r  w hich tim e no 
s ign ifican t in c re a se  in in fectious v iru s  t i t r e  w as o b se rv ed , except 
when the v iru s  w as grow n at 36° w here th e re  seem ed  to be a 
sligh t in c re a se  u n til tw enty  fou r hou rs p ost infection . The a ssa y s  
a t 36° and 38° showed s im ila r  in c re a s e s  to tw enty fou r hours 
p o st infection . D uring the grow th phase a t each  te m p e ra tu re  
a  four logs in c re a se  in the num ber of plaque fo rm ing  un its  took 
p lace . The av erag e  y ie ld  p e r  c e ll w as found to  be about 100 p. f, u.
O ne-Step Growth C urve of ts f s y n f  Wild Type.
BHKE1/C13 c e lls  suspended in E . T. C. w ere  in fected  a t a  
m ultiî>llcity of exposure  of 5 p. f. u. /c e l l  w ith ts-l' sy n f . A fte r adso rp tion  
in suspension  a t 37° fo r  one hour the c e lls  w ere  d ispensed  in f re s h
E . T, C. into p la s tic  p e tr i  d ish es  to give 4 x 1 0 ^  c e l ls /d is h  and 
incubated a t 31°, 36° and 38°C. At se lec ted  t im e s  post infection 
duplicate  c u ltu res  w ere  se p a ra te ly  a ssay ed  fo r to ta l  in fectious v iru s  
a t 31 °C, The values obtained w ere  averaged  and the lo g arith im s 
of p .f .  u. /lO ^ c e lls  o rig in a lly  p la ted , p lo tted  a g a in st tim e  post 
infection. *Timt o - tc*. &.c(iorp+ion.
Fi g t i i C ]
o
3
4 82 4  3 6
Time post infection (hrs.)
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(2) One*step  grow th c u rv e s  of HSV ta m utan ts.
O ne-step  grow th cu rv e s  w ere  p e rfo rm ed  under s im ila r  
conditions but using  m utant v iru s . F ig u re  2a shows the 
o n e -s tep  grow th c u rv e s  of tsA  and tsB  incubated a t 31®, 36® 
and 38® and t i tra te d  a t 31 ®C. The re s u lts  show th a t fo r tsA , 
the f i r s t  in fec tious v iru s  w as produced at 31® betw een ten  and 
tw elve ho u rs  p ost infection. V irus production  continued un til 
tw enty hours post infection  a fte r  which tim e no sign ifican t 
in c re a se  in in fec tious v iru s  t i t r e  w as o bserved . F o r  tsB  
in fec tious v iru s  f i r s t  ap p ea red  a t 31® betw een s ix  and eigh t hou rs 
post infection  and in c re a se d  u n til app rox im ate ly  tw enty four 
h o u rs  post infection . F o r both of these  m utan ts a t the p e rm iss iv e  
te m p e ra tu re , a four logs in c re a se  in plaque fo rm in g  un ite  took 
p lace  during  the grow th phase. At 36® tsA  had a lag  phase 
s im ila r  to th a t a t the p e rm iss iv e  te m p e ra tu re  but only 1 % of the 
co n tro l in fec tious v iru s  w as produced by tw enty four ho u rs  p o st 
infection . F o r  tsB  in fec tious v iru s  f i r s t  ap p ea red  again  betw een 
six  and eight hou rs post infection  and in c re ased  u n til tw enty four 
hours post infection  but th e re  w as 1 0 % of the co n tro l v iru s  
produced  by tw enty four h o u rs  post infection. At 38® tsA  
showed sligh t grow th giving only 1 % of the co n tro l y ield  by twenty 
four h o u rs  p ost infection . TsB on the o th er hand showed no 
de tec tab le  grow th a t the non p e rm iss iv e  te m p e ra tu re  of 38®.
The o n e -s tep  grow th c u rv e s  a t 31® of the o th e r ts  m u tan ts  showed
F ig u re  2a.
O ne-Step Growth C urves of HSV M utants, taA  and tsB .
E xperim en ts w ere  c a r r ie d  out a s  fo r F ig u re  1. E ach  of 
the m utan ts w as grow n a t 31*, 36* and 38* and a ssay ed  a t 31* 
fo r to ta l infectious v iru s .
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s im ila r  p a tte rn s  (F igu re  2b). T here  w ere  v a ria tio n s  in the 
tim e  of in itia l p roduction  of in fec tious v iru s  (6 - 1 0  ho u rs  post 
infection) and in the tim e  of p la teau  of the c u rv e s  (20-24 hours 
post infection). However the to ta l am ount of in fec tious v iru s  
p roduced  by tw enty four ho u rs  post infection was alw ays 
app rox im ate ly  the sam e. T here  was a lso  v a ria tio n  in the 
am ount of grow th of each  of the te m p e ra tu re  sen sitiv e  m u tan ts 
a t 36® (F igu re  2c). F o r  each of the  m u tan ts th e ir  ab ility  to 
grow  a t 36° and the lev e l of th is  grow th rem a in ed  fa ir ly  constan t 
fro m  stock  to stock. The am ount of grow th d isp layed  by each  
of the m utan ts a t 38° is  shown in (F igu re  2d). The am ount of 
v iru s  grow th de tec tab le  a t 38° v a ried  fro m  stock  to stock  fo r 
som e of the m utan ts but rem a in ed  constan t fo r o th e rs . The 
rea so n s  fo r th is  w ill be d isc u sse d  below.
C om paring F ig u re  1 w ith F ig u re  2 it can be seen  tha t a t the 
p e rm iss iv e  te m p e ra tu re  (31*) the te  m utan ts grow m ore  slowly 
than  the w ild type v iru s . F o r the wild type v iru s  the lag phase 
is  four ho u rs  com pared  to betw een 6 - 1 0  h o u rs  fo r the ta m utan ts. 
H ow ever the in c re a se  in in fec tious v iru s  fro m  the tim e  of in itia l 
p roduction  of new v iru s  to the tim e of h ighest y ield  w as in  the 
reg ion  of a ten  thousand fold in c re a se  in each  c a se . F*or both 
the p a re n ta l  s tra in  and each  of the te  m u tan ts , the av erag e  yield  
of v i r u s /c e l l  was 1 0 0  p. f. u.
F igu re 2b.
One-Step Growth C urves of HSV ts  Mutants.
E xperim en ts c a r r ie d  out a s  fo r F ig u re  I . E ach  m utan t w as 
grown at 31® and assay ed  a t 3Î°C  fo r to ta l in fectious virus*
tsC  O -O
tsD
tsE
ts F  X" •X
tsG A
tsI
t s J
oo
;—
F ig u r e  2c .
O n e -S te p  G ro w th  C u rv e #  of HSV t# M utan ts ,
E x p e rim en t#  w ere  c a r r i e d  out a# fo r  F ig u re  1. E ach  
m utan t wa# grow n a t  36* and a##ayed  a t  31* fo r  to ta l  infection# 
v iru# .
i£ p  0 — 0
t£ p  ▲--------- ^
t#E  e  #
I f f  X X
t#G .. ^
t#I 0 — 0
t# J  ■ --------- ■
oo
3 6
201 4
Time post
F ig u r e  2d.
O n e -S te p  G ro w th  C u rv e #  of HSV ta  M u tan ts .
E x p e r im e n ts  w e re  c a r r i e d  out at fo r  F ig u re  1. E a c h  m u tan t 
w as grow n a t 38* and a s s a y e d  a t  31* fo r  to ta l  in fe c tio u s  v i ru s .
i£C O------ O
tsD --------A ------ A
i s F  # .
l î F  >■
i s p  A A
i s J  o .
tsJ
oo
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(3) One* step  grow th cu rv es  of ayn and ts  m utan ts .
E ach  of the ta  m u tan ts and the ts-f v iru s  ia av a ilab le  in 
two plaque fo rm s  ayn and ayn+ (R esu lts Section lb ). To 
d e te rm in e  w hether the d iffe ren t plaque types affected  the 
p a tte rn s  of v iru s  grow th, single cycle  grow th ex p erim en ts  w ere  
c a r r ie d  out fo r  both. F ig u re  3a shows the o n e -s tep  grow th 
cu rv e s  of tsD  syn and tsD  ayn+ grown a t 31 36° and 38°
and t i tra te d  a t 31*. C om paring the two grow th p a tte rn s  a t 31 *, 
the syn m utan t w as la te r  in producing new in fec tious v iru s ,
( 8  hoirrs fo r tsD  sy n ; 6  hours fo r tsD  syn-h) but the to ta l am ount 
of new v iru s  produced  a t tw enty four hou rs p o st infection  w as 
g re a te r .  F o r  the syn m utan t th e re  w as a four logs in c re a se  in 
in fec tious v iru s  betw een eight and twenty five h o u rs  p o st infection 
com pared  to a  two logs in c re a se  fo r the synf m utan t. A s im ila r  
p a tte rn  w as ob serv ed  in the grow th cu rv es  a t 36*. At 38* no 
in fec tious v iru s  w as produced . The only o th e r m utan t fo r which 
a s im ila r  ex p erim en t w as c a r r ie d  out was tsG  (F ig u re  3b).
Again the syn m utan t w as la te r  in producing in fec tious v iru s  
and the to ta l in c re a se  in new v iru s  w as g re a te r .
E . H eat inactiva tion  s tu d ies  of t s f  and the ts  m u tan ts.
M ost an im al v iru se s  kept in suspension  lo se  in fec tiv ity  rap id ly  
a t room  te m p e ra tu re  and m o re  rap id ly  s t i l l  if they  a re  kept a t h igher 
te m p e ra tu re s . At high te m p e ra tu re s  heat dén a tu ra tio n  of v ira l
F ig u r e  3a.
O ne-S tep  Growth C u rv e s  of t i D  eyn and tsD  myn+
E x p e r im e n ts  w e re  c a r r i e d  out a s  fo r  F ig u re  1. E a c h  of the 
m u tan ts  w as grown a t  31*, 36* and 38* and a s s a y e d  a t  31* fo r  
to ta l  in fec tious  v i ru s .
tsD  syn tsD  syn+
31* 31*
36* ■---------■ 36" ■■
38" A  A 38" A------- A
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F ig u r e  3b.
O ne-S tep  Growth C urve#  of t jG  eyn and t»G eyn-f
E x p e r im e n ts  w e re  c a r r i e d  out a s  fo r  F ig u re  1. E a c h  of the  
m u ta n ts  w as grown at 31*, 36* and 38* and a s s a y e d  a t  31* fo r  
to ta l  in fec tious  v i ru s .
tsG  syn tsG  syn+
31* e---------#  31* e------e
36* ■----------■ 36* ■--------■
38* A A  38* A-
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p ro te in  m ay lead  to  d isru p tio n  o i  the v irio n  o r d is to rtio n  of the 
capsid  so th a t n o rm a l a ttachm en t cannot occu r. It is  possib le  
th a t som e te m p e ra tu re  sen sitiv e  m utan ts have a lte ra tio n s  in th e ir  
coat p ro te in s  which re n d e r  them  m ore  suscep tib le  to high te m p e ra tu re s  
than wild type v iru s . To d e te rm in e  if th is  w as the case  with our ts  
m u tan ts, heat inactivation  ex p erim en ts  w ere c a r r ie d  out.
The nine te m p e ra tu re  sen sitiv e  m utan ts and the w ild type v iru s  
w ere  dilu ted 1;10 in P . B. S. A. C. and incubatod in stoppered  g lass 
bo ttles in w aterba th s at 4 5 ®C o r  55*. Sam ples w ere  w ithdraw n a t 
in te rv a ls  and assay ed  fo r in fectious v iru s  by the stan d ard  m ethod.
A ll the m utan ts w ere  inac tiva ted  in the sam e ex p erim en t and the 
sam ples w ere  taken in o rd e r  w ith a 30 second in te rv a l betw een each  
v iru s . F ig u re  4a shows a p lo t of the surv iv ing  frac tio n  ag a in st tim e 
of Incubation a t 55* fo r four of the m utan ts and the w ild type v iru s .
The re s u lts  ind icate  that th e re  w as a 1 .5  logs d e c re a se  in infectious 
v iru s  a f te r  2. 5 m inu tes a t 55* fo r the wild type and betw een 1. 5 and 
3 logs fo r the t s m u tan ts. By five m inutes th e re  w as betw een a 3 
and 4 logs d e c re a se  fo r both the wild type and ts  m u tan ts . The o th er 
ts  m u tan ts showed s im ila r  p a tte rn s  of inactivation  (F igu re  4b).
The four shown in com parison  w ith the wild type in F ig u re  4a i. e.
tsA , tsB , tsD  and tsE  w ere  chosen  a s  being re p re se n ta tiv e  of the ts  mufants^
in that ts_D sy n th esise s  DNA, tsA  and tsB  do not and tsE  seem s to
syn thesise  a  v e ry  sm a ll am ount of DNA (M echie, e t a l. , 1972). It
would be expected th a t those m utan ts which m ake DNA i. e* ts F , tsC ,
F igu re 4a.
H eat Inactivation  of HSV Wild Type and T em p era tu re  Sensitive 
M utants a t 55*C.
Sam ples of each of the ts  m utan ts and the wild type v iru s  w ere  
d ilu ted  1:10 in P . B. S, A. C. to  give a fina l volum e of 2 m l and a
t i t r e  of about 10*^  p .f .  u. /m l and im m e rse d  in a  w a te r bath  a t 55®C.
Sam ples of 0. 1 m l w ere  w ithdraw n a t in te rv a ls  and assay ed  fo r 
infectious v iru s  by the standard  m ethod. The log surviv ing  frac tio n  
was ca lcu la ted  and p lo tted  ag a in st tim e of incubation.
Glasgow s tra in  17 ^|>
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F ig u r e  4b.
H eat Inac tiva tion  of HSV te  M utante a t  55*C.
E x p é r im e n te  w e re  c a r r i e d  out a s  fo r  F ig u re  4a.
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t e l , tsG  and t s 0  would be the ones which would be m o st like ly  to 
show a d iffe rence  in  inactiva tion  p a tte rn s . H ow ever the d iffe ren ces 
in inactiva tion  betw een any of the m u tan ts  and the wild type v iru s  
a t 55® w as not co n sid ered  a s  sign ifican t.
B ecause it  w as co n sid ered  tha t five to ten  m inu tes m ay  be too 
sh o rt a tim e in w hich to take  a cc u ra te  sam p les and th a t a  d iffe ren t 
te m p e ra tu re  m ight re v e a l d iffe ren c e s , the te m p e ra tu re  w as low ered  
to 45® and s im ila r  ex p erim en ts  rep ea ted . F ig u re  5a shows a plot 
of the su rv iv ing  frac tio n  a g a in st tim e of incubation a t 45® fo r the 
sam e four ts  m utan te  and the w ild type v iru s  as in (F ig u re  4a).
The re s u l ts  ind icate  th a t th e re  w as a l**-3 logs drop  in in fec tious 
v iru s  w ithin one hour a t 45® and a 3*4 logs d e c re a se  a f te r  two hours 
a t 45®. The inac tiva tion  cu rv e s  of the o th er ts  m u tan ts showed 
s im ila r  p a tte rn s  (F igu re  5b). TsE  seem s to fa ll  off m o re  slowly 
than  the  o th e r m u tan ts in  the f i r s t  hour but a f te r  th is  the ra te  of 
inac tiva tion  was not sign ifican tly  d ifferen t.
(Since doing th ese  ex p erim en ts  i t  has been suggested  tha t 53® 
m ay be a m o re  su itab le  te m p e ra tu re  a t which to d e te c t d iffe ren ces .
It is  in tended to re p e a t th ese  ex p erim en ts  a t th is  te m p e ra tu re  w ith 
m o re  s t r ic t  co n tro ls  and to look a t the inac tiva tion  r a te s  of m ix tu re s  
of ts+  syn and t s  syn f v iru s  and the rec ip ro ca l) .
F . C aus e of grow th of the  ts  m utan ts a t the  n o n ^p erm issiv e  
te m p e ra tu re .
To d e te rm in e  w hether grow th of the ts  m u tan ts a t the n o n -p e rm iss iv e
F igu re 5a.
Heat Inactivation of HSV Wild Type and ts  Mutants at 4 5 ®C.
Sam ples of each of the ts  m utan ts and the w ild type v iru s  
w ere  dilu ted 1:10 in P . B. S. iS., G. to give a fina l volum e of 2 m is 
and im m e rse d  in a w a te r bath  a t 45*C. Sam ples w ere  w ithdraw n 
a t in te rv a ls  up to 120 m inu tes a f te r  the in itia l incubation. The 
sam ples w ere  a ssay ed  fo r in fectious v iru s  by the s tan d ard  m ethod. 
The log surv iv ing  frac tio n  w as ca lcu la ted  and p lo tted  ag a in st tim e  
of incubation a t 45®0.
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te m p e ra tu re  w as due to ’le a k in e ss ' (1 . e, a  m utation  which fa ils  to 
shut off com plete ly  the  ac tiv ity  of a gene so tha t som e re s id u a l 
ex p re ss io n  of i ts  function rem a in s ) , o r  to re v e rs io n  to wild type, 
single non-overlapp ing  p laques w ere  picked fro m  p la te s  which had 
been grown a t 38*. The p laques w ere  then  rep la te d  a t 31* and 38* 
and e. o. p. s d e te rm in ed . R ev e r tan t s would p late  equally  a t 31® 
and 38®, leaky m utan ts would s t i l l  be te m p e ra tu re  sen sitiv e .
Table 6  show s the num ber of p laques a t each  te m p e ra tu re  obtained 
fro m  a  single plaque fro m  a 38® p la te . The m utan ts tsC , ts F  and 
tsG  w ere chosen  in p a r t ic u la r  a s  they  showed h igher 38*/31* ra tio s .
The re s u lts  show th a t in m o st c a se s  b reak th rough  a t 38® was 
not due to re v e rs io n  of the  t s  m utan ts to w ild type. If the v iru s  
p a r tic le s  picked fro m  the 38* p la tes  had been w ild type then s im ila r  
r e s u lts  a s  the co n tro l ts+  syn-f ex perim en t would have been expected 
i. e. w here v iru s  fro m  a 30® p late  gave app rox im ate ly  equal num bers 
of p laques when reg row n  a t the p e rm iss iv e  and n o n -p e rm iss iv e  
te m p e ra tu re s . Only in eight c a se s  did the p laques behave as wild 
type (Table 6 , tsF (2 ) 1, 4 and 8 ; tsC(2) 4 and 5; tsG  2; tsD  4 and 8 ).
It w as concluded th a t the la rg e  am ount of b reak th rough  a t the 
n o n -p e rm iss iv e  te m p e ra tu re  observed  for the m u tan ts ts F  and tsC  
was in m o st c a se s  due to leak in ess  but could on occasion  be due to 
re v e rs io n  to  w ild type. (Stocks F  (1) and (2) and C (1) and (2) w ere  
grown a t d iffe ren t tim e s). It should be pointed out that p laques, a t 
the n o n -p e rm iss iv e  te m p e ra tu re  which w ere due to leak in ess  w ere  in
Table 6 . C ause of Growth of the T em p era tu re  S ensitive  
M utants a t the N o n -F e rm iss iv e  T e m p e ra tu re .
Ts m utant 
No. of 
p laques 
fro m  38* 
p la te
No. of
p laques     ..
31*C
No. of 
p laques 
38*0
T s m utant 
No. of 
p laques 
fro m  38® 
p late
No. of
31*0
No. of 
plaque s 
38*0
A. 1
2
3
4
5
6
7
8
0 (1)1
4
5
6 
7
21
8
1 1
13
7
19
12
23
15
95
23
34
127
9
30
F ( 2 )  1
G.
6
7
8
1
2
3
4
5
6 
7
21
10
18
42
12
17
25
21
40
71
2
54
3
20
30
3
16
0
0
36
0
0
0
0
58
0
1
0
0
0
0
0 (2)1
2
3
4
5
6
7
8
D. 1
2
3
4
5
6 
7
14
22
18
43
28
8
1 2
14
8
12
15 
20 
17
5
8
14
0
0
0
40
25
0
0
0
0
0
0
16
0
0
0
12
174 1
2
3
4
5
6
7
8
F (l)  1
I
4
5
6 
7
5
54
31 
140
32 
0
40
19
42
18
0
0
6
5
3
0
43
13
137
28
1
32
9
0
0
0
0
0
0
0
0
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g e n e ra l m uch sm a lle r  in  size  than the co rrespond ing  p laques a t 31*. 
At the sam e tim e  th ese  re s u l ts  give good evidence th a t re v e rs io n  
does o ccu r w ith tsC , tsD , ts F  and tsG .
G. C om parison  of p a r tic le  and in fec tiv ity  counts of HSV stocks.
S tandard  p laque a s sa y s  and p a r tic le  counts of v iru s  stocks w ere  
c a r r ie d  out acco rd ing  to the m ethod d esc rib ed  (M ethods Section 12). 
Table 7 shows a co m parison  of the p a rtic le :p . f. u. ra tio  of two stocks 
of ts+  syn4 which had been grow n on se p a ra te  o ccasio n s . The deg ree  
of v a ria b ility  in the p a rtic le ;p , f. u. ra tio  was o b se rv ed  in v iru s  
stocks grow n a t d iffe ren t t im e s . As the m u ltip lic ity  of infecting 
v iru s  w as alw ays constan t (1:300), the  v a ria b ility  w as m o st like ly  
to be caused  by the condition of the c e lls  a n d /o r  the p a rtic le ;p . f. u, 
ra tio  of the seed  v iru s . If the seed  v iru s  contains a  high p ropo rtion  
of non-in fec tious p a r t ic le s  th is  m ay have an effect in blocking the 
adsorb ing  ab ility  of the c e lls  o r  the ab ility  of the c e lls  to produce 
v iru s . As the stocks a re  grow n fro m  low m u ltip lic ity  in fections 
over th re e  c y c le s , p roduction  of high t i t r e  stocks depends to a la rg e  
ex ten t on the  ab ility  of c e lls  to  a d so rb  v iru s  fro m  f i r s t  and second 
cy c les .
Table 8 shows a  co m p ariso n  of the p a rtic le ;p . f. u , ra t io s  of 
w ild type and ta  m utan ts and the e ffect of em pty p a r t ic le s  oh the 
p a rtic le :p . f. u. ra tio . The re s u l ts  ind icate  tha t th e re  w as litt le  
d ifference  betw een the p a rtic le :p . f. u. ra tio s  of w ild type and ts  
m u tan ts. This w as tru e  fo r a ll  the ts  m utan ts. It can be seen  a lso
T able 7. P a r t ic le :p . f. u. R atio  of ts4  syn4
p. f. u. /m l p a r t ic le s /m l  p. f. u. tp a rtic lee
1 .28 X l o l l  4 X lO^l 1:4
1 .6  X 10® 4 .4  X 10^ 1:30
T able 8. A C om parison  of P a r tic le m . f, u. R a tio s of
n —I M* III* I      ii» 11 i* nm ii»iiii ■nm—hai^iinin mmi—i imnw wimrnui n «o u mh. ii ii iN'iii w i,»™»
Wild Type and ts  M utante of HSV and the E ffec t of 
Em pty P a r t ic le s  on the P a rtic le :p . f, u. R a tio s .
V irus p. f. u. /m l p a r t , /m l % em pty fu ll
p a rt. p a r t /m l
p. f. u. : 
p a r t . fu ll 
p a rt.
ts-f syn 10® 3 .6  X 10^ 70
tsD  1. 5 X 108 6 X 10^ 85
tsG 1. 5 X  10® 6. 6 X  lo'^ 72
tsA  3 .4  X  10® 9 .2  X 10^ 40
ts J  2 .4 x 1 0 ®  5 .6  X 10^ 52
9 1:36 1:11
8 1:40 1;&. 6
9 1:44
\ i
l :? r9
9 1:27 1:17
9 1:23 1:11
Table 8a. E ffect of the Source of the V irus on the Ratio 
of Enveloped to Naked P a r t ic le s  and the P a r tic le :p . f. u .
R atio .
(a) Spontaneously re le a se d  e x tra c e llu la r  Glasgow s tra in  17.
p. f. u. /m l  p a r t ic le s /m l  % enveloped p a rtic le s ;p . f. u.
articles
9 X 10^ 4. 8 X 10*0 40 1:5
3 X 10^ 4 X 10^0 30 1:13
(b) V irus re le a s e d  fro m  c e lls  by sonication  G lasgow s tra in  17.
p. f. u. /m l p a r t ic le s /m l  % enveloped p a rtic le s :p . f. u.
p a r t ic le s
2 X 10 8. 19 X lolO  1:40
2 .5 x 1 0 ?  1 .8 9 x 1 0 ^ ^ 1:75
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th a t the p ro p o rtio n  of em pty p a r t ic le s  in a  stock  had a co n sid erab le  
effect on the ra tio . Some of th ese  stocks had p a r t ic u la r ly  high 
p ro p o rtio n s  of em pty p a r t ic le s . In g e n e ra l the p e rcen tag e  of em pty 
p a r t ic le s  in a stock  is  fa ir ly  low. The rea so n s  fo r  la rg e  am ounts 
of em pty p a r t ic le s  being produced  a re  not fu lly  u nders tood  but to 
som e ex ten t it a p p e a rs  to depend on the batch  of c e lls  being used  
fo r v iru s  grow th. It should be pointed out how ever, th a t what would 
appear to be em pty  p a r t ic le s  in negative s ta in  p re p a ra tio n s  as seen 
in the e le c tro n  m ic ro sco p e  m ay not be tru e  em pty p a r t ic le s  but 
a r te fa c ts  p roduced  by the s ta in .
T able 8a show s the e ffect of the sou rce  of the v iru s  on the ra tio  of 
enveloped to naked p a r t ic le s  and the p a rtic le :p . f. u. ra tio  in a stock.
The re s u lts  ind ica te  tha t the so u rce  of the v iru s  has a co n sid erab le  
effect on the p ro p o rtio n  of enveloped p a r t ic le s  in the  population and 
th is  in tu rn  has an e ffect on the p a rtic le :p . f. u. ra tio . In g e n e ra l 
spontaneously  re le a s e d  v iru s  conta ins m o re  enveloped p a r t ic le s  than  
in tra c e llu la r  v iru s . T his is  p robab ly  a re flec tio n  on the sou rce  of 
the envelope. The o rig in  of the envelope and its  ro le  in the infectious 
p ro c e ss  is  d isc u sse d  in the  g e n e ra l in troduction . H ow ever it would 
ap p ear fro m  o u r re s u l ts  tha t the envelope has an e ffec t on the 
in fec tiv ity  of the  p a r t ic le . The above two sam p les  of a r tif ic ia lly  
re le a se d  v iru s  had no v is ib le  enveloped p a r t ic le s  in the sam ple 
exam ined. T his w as unusual in that m o st p re p a ra tio n s  of in tra c e llu la r  
v iru s  exam ined had a sm a ll p ro p o rtio n  of enveloped p a r t ic le s . In
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our ex p erim en ts  we tr ie d  to u se  v iru s  w ith a p a rtic le tp . f, u. ra tio  of 
app rox im ate ly  a s  good as 1:10.
(it should be pointed out th a t a ll  sam ples exam ined in the e lec tro n  
m icro scope  w ere  fro m  f re s h  stocks and not fro m  stocks sto red  fo r 
any tim e  at *70 ®C).
H. D iscu ss io n .
As a p re re q u is ite  fo r the genetic  stud ies to be d e sc rib e d  la te r  a 
ts  synf  re v e r ta n t w as iso la ted  fo r each  ts  syn m utant. It has been 
shown th a t the two plaque m orphology v a ria n ts  (syn and syn+) of 
Glasgow s tra in  17 a re  ea s ily  d istingu ishab le  and a re  s tab le  a t both 
the p e rm iss iv e  and n o n -p erm ies iv e  te m p e ra tu re s . One v a rian t, 
syn+, fo rm s rounded c e ll  p laques in BHK21/C13 c e lls  and these  
p laques u ltim ate ly  dislodge fro m  the su rface  of p la te s . When th e re  
is  no n eu tra lis in g  antibody p re se n t in the o v e rlay  m edium  the synf  
p laques sp read  to give com et*shaped p laques and sm a ll sa te llite  
p laques. T hese a re  fo rm ed  by the v iru s  being re le a s e d  fro m  the 
rounded c e lls  and infecting the surround ing  c e lls . The o ther v a rian t, 
syn,fo rm s  g iant m u ltinuclea te  fused c e ll p laques in the p re sen c e  or 
absence of n e u tra lis in g  antibody. V irus is  p a ssed  fro m  infected c e ll 
to surround ing  c e lls  by fusion and it  is  not n e c e ssa ry  fo r v iru s  to be 
re le a se d  into the m edium  before  infecting surround ing  c e lls . These 
two effects on ce ll s tru c tu re  have been w ell docum ented (Roizm an,
1962). In 1968 H erpes s tra in s  w ere  in fac t divided into four groups
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depending on th e ir  d iffering  e ffec ts  on the so c ia l behaviour of 
infected  ce lls  (E je rc ito  e t aL , 1968). The four c la s s e s  w e re :-
(1) S tra in s  causing  rounding of cello  but no adhesion  o r  fusion.
(2) S tra in s  causing  v e ry  tigh t adhesion  of rounded c e lls . (3) S tra in s  
causing loose agg regation  and rounded c e lls  and (4) S tra in s  causing 
p o lykaryocy tosis . On the b a s is  of th is  c la ss if ic a tio n  our syn4- 
m utan t would fa ll into c a teg o ry  (1) and the syn m utan t into ca tego ry  
(4). The fac t tha t Glasgow s tra in  17 g ives both c a te g o rie s  of 
p laques and th e ir  re la tio n sh ip  is  a  single m u ta tiona l s tep  th row s g re a t 
doubt on the u se fu ln ess  of E je rc ito  e t a l. ’s c la ss if ica tio n .
It has been shown th a t each  of the ts  m utan ts r e v e r ts  to wild 
type (T ables 4 and 6). T his was taken  as being ind icative  th a t the 
m utan ts w ere  single step  m utan ts and w ere  not double o r m ultip le  
m u tan ts. If they had been  doubles then  it  would be expected  th a t 
re v e rs io n  to w ild type would have been low er than  o bserved . Since 
m ultip le  m utan ts can cause  co n sid erab le  confusion in genetic  m apping 
it was co nsidered  advantageous th a t each of the ta^ m u tan ts ap p ea red  to 
be a single step  m utant. On the o th er hand with sing le  step  m utan ts 
r e v e r ta n t8 tend to accum ulate  m o re  frequen tly  but th is  p ro b lem  was 
overcom e by re g u la r  plaque p u rifica tio n  and the grow ing of stocks fro m  
single p laques, prov ided  th a t the wild type had a se lec tiv e  advantage.
One p ro b lem  w hich could not be overcom e w as the re la tiv e ly  high 
leak  ra te  of ts F  and tsC . W ith these  two m u tan ts , when the am ount 
of grow th a t 38® was due both to leak in ess  and re v e rs io n  the situa tion
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could be sligh tly  im proved  by cloning but w as not a t any tim e 
com pletely  overcom e. It has been  found w ith o th er v iru se s  tha t 
ts  m u tan ts tend  to be leaky but they r a re ly  function a s  effectively  
as wild type v iru s .
S im ila r p a tte rn s  fo r o n e -s tep  grow th cycles of HSV Type 1 
have been rep o rte d  by R oizm an e t a l. , (1963) using  the m ac ro  plaque 
s tra in  Mp' HEp 2 c e lls . They found that a t 34® new v iru s  f i r s t  
appeared  5-6 h rs  a f te r  infection; m u ltip lica tion  follow ed a t 
exponential ra te  un til 13-15 h rs  a f te r  infection and by 6 and 
13-15 h rs . , the t i t r e  of v iru s  doubled every  fo rty  m inu tes.
A fter 17-18 h rs  p o st infection the t i t r e  rem ained  constan t o r d ec rea sed . 
L evitt and B ecker (1967), found, using  the HF s tra in  of v iru s  and 
BSCÎ c e lls  th a t in fectious v iru s  began to accum ulate  in infected  ce lls  
6 h rs  post infection  and reached  high t i t r e  a t 18 h rs  post infection  
a t 37®. K lem p ere r e t a l. , (1967) following the grow th of the HFEM 
v iru s  s tra in  in BHK21/C13 c e lls  found th a t new v iru s  p a r t ic le s  w ere  
f i r s t  p roduced  3 h rs  a f te r  infection  and in c re ased  to 17 h rs  post 
infection  a t 37®. In g e n e ra l it has been shown th a t the du ra tion  of 
the ec lip se  ran g es fro m  3-8 h rs  and is  affected by the te m p e ra tu re  
(F arnham  and Newton, 1959; Hoggan and R oizm an, 1959; Sm ith,
1963). The d iffe ren ces  o bserved  in our growth p a tte rn s  a t 31® and 
38® would con firm  th is . It has a lso  been shown to be affected  by the 
m . o; i . and p r io r  infection by ano ther m utant (Roizm an, 1963; 1965).
The duration  of the cycle is  a lso  known to be affected  by the m . o. i.
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and the te m p e ra tu re  of incubation (Roizm an, 1963), and we have 
shown in our r e s u lts  th a t the grow th cycle of the w ild type v iru s  
a t 31® is  sligh tly  slow er than  a t 38®. The v iru s  y ie ld  has been 
shown to in c re a se  exponentially  fro m  the end of the e c lip se  to a lm o st 
the end of the rep ro d u c tiv e  cycle . Under op tim al conditions in 
HEp 2 c e lls  the v iru s  y ield  has been shown to be betw een 10, 000 
to 100,000 v ir io n s /c e l l  (R oizm an, 1963). The e s tim a te  of 10^
v ir io n s /c e l l  seem s ra th e r  la rg e  when the m o lecu la r w eights of the
D.N.A.
v ira l  and c e ll DNAs a re  co nsidered . The M. W. of the v irus^ is 
10^ daltons, th a t of the c e ll DNA is 10^^. T h ere fo re  fo r  the ce ll 
to  m ake 10^ v irio n s  it would have to m ake app rox im ate ly  10 tim e s  
its  to ta l DNA. With G lasgow  s tra in  17 the av erag e  y ie ld /c e ll  is  
about 100 p. f, u. /c e ll .  T h e re fo re  it would ap p ea r th a t although 
th e re  a re  v a ria b ili tie s  due to v iru s  s tra in  and c e ll line , a s  w ell as  
e x p e rim en ta l conditions, the p a tte rn s  rep o rte d  fo r o n e -s tep  grow th 
cu rv es  of HSV Type 1 fit w ell to the grow th cu rv es  we have shown 
fo r G lasgow s tra in  17, One in te re s tin g  fea tu re  of the grow th p a tte rn s  
of the ts  m u tan ts is  tha t they  a re  invariab ly  slow er than those of the 
wild type v iru s . T his has a lso  been d em o n stra ted  with the ts  m utan ts 
of HSV Type 2 (H alliburton , 1972). It has been suggested  th a t th is  
m ay be due to m uta tions a t s i te s  o th e r than the t^ a n d  tha t by studying 
the grow th cy c les  of re v e r ta n ts  fro m  ts^to wild type we w ill be able 
to a s c e r ta in  if th is  is  the case .
It can be seen  fro m  the re s u l ts  tha t the p. f. u. rp a rtic le  ra tio s  
v a ried  fro m  one p re p a ra tio n  to ano ther and tha t the ra tio s  ap p ea red  to
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depend o n  the p ro p o rtio n  of enveloped p a r t ic le s  in the p rep a ra tio n .
The p ro p o rtio n  of enveloped p a r t ic le s  tended in tu rn  to depend on the 
sou rce  of the v iru s  1. e. w hether it was spontaneously  re le a s e d  o r 
a r tif ic ia lly  re le a se d . This of c o u rse  re v e r ts  to the ag e-o ld  p rob lem  
of the ro le  of the envelope in the infectious p ro c e s s , which w as 
d isc u sse d  in the g e n e ra l in troduction . However ou r p re p a ra tio n s  
had in g e n e ra l a  p a rtic le  :p, f. u. ra tio  of app rox im ate ly  10: H).
F ro m  the p re lim in a ry  hea t inactiva tion  s tu d ies , it  would appear 
th a t none of the ts  m u tan ts  is  m o re  heat stab le  o r  hea t lab ile  than 
any o th er o r  the wild type v iru s . It should be pointed out how ever 
that a s  it is  d ifficu lt to do inactiva tion  stud ies in a  m edium  fre e  fro m  
com pounds p ro tec tin g  o r com peting with the v iru s  fo r the 
inactivating  agent, conclusions th a t one v iru s  is  m o re  o r le s s  stab le  
than ano ther m ay  w ell be unfounded. However a s  th is  does not 
apply so m uch to heat and a s  we w ere  only dealing w ith one s tra in  of 
v iru s , although d iffe ren t m u tan ts of tha t s tra in , we would fee l 
ju stified  on the b a s is  of our r e s u l ts  to da te , to conclude th a t each  of 
the ta  m utan ts and the wild type v iru s  a re  inac tiva ted  a t the sam e ra te ,
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II. G enetic A nalysis of T em p era tu re  Sensitive M utants of 
HSV by C om plem entation T e s ts .
A. In troduction
The nine te m p e ra tu re  sen sitiv e  m utan ts w ere  studied for 
th e ir  ab ility  to com plem ent in m ixed infections at the n o n -p e rm iss iv e  
te m p e ra tu re  in o rd e r  to identify  the num ber of functional groups so 
fa r  involved. If com plem entation  could be shown to o ccu r with 
reaso n ab le  effic iency , th is  study would fo rm  the b a s is  fo r m ore  
ex tensive stud ies on the genetic  content and s tru c tu re  of the HSV 
genom e. A ll p o ss ib le  p a irw ise  com binations w ere  c a r r ie d  out. The 
com plem entation  an a ly sis  was approached  from  th re e  d irec tio n s
(1) Infectious cen tr e a ssa y .
A ssay  of the num ber of infectious c e n tre s  produced  a t 
the non - p e rm is  si ve te m p e ra tu re  in m ixed in fections com pared  
w ith the p a re n ts  alone. If the two ts  m utan ts in a c e ll a re  
com plem enting  each o th er, then the infected c e ll should produce 
an in fec tious c en tre  plaque a t the n o n -p e rm iss iv e  te m p e ra tu re .
C ells in fected  w ith only one m utant o r non-com plem enting  m utan ts 
w ill not p roduce  p laques a t the re s tr ic t iv e  te m p e ra tu re .
(2) Yield e x p e rim ent.
A ssay  of the y ield  of p rogeny  v iru s  fro m  m ixed infections 
and single p a re n t in fec tions grown a t the n o n -p e rm iss iv e  tem p era tu re . 
If the two ts  m utan ts a re  com plem enting each  o th e r  then the yield 
fro m  m ixedly  in fec ted  c e lls  a t the re s tr ic t iv e  te m p e ra tu re  should
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be s ign ifican tly  in c re a se d  over the y ields fro m  c e lls  infected 
w ith non-com plem enting  m utan ts  o r  single m utan ts.
(3) P laque m orphology a n a ly s is .
O bserva tion  of the plaque m orphology of in fec tious 
c e n tre s  of m ixed infections a t 38® in which one p a re n t (ts m utant) 
was syn and the o th e r syn-h. With com plem enting m utan ts the 
in fec tious c en tre  plaque would be expected to exhib it m ixed 
sy n / syn f m orphology. In m ixed in fections of ts+  synf  and 
ts i - syn , the syn-f m utant w as shown to be sligh tly  dom inant over 
the syn m utant.
B . Infectiou a c en tre  t e s t .
In itia lly  the com plem entation  an a ly sis  w as p e rfo rm ed  by 
m easu rin g  the  frequency  of in fectious c e n tre s  p roduced  a t the 
n o n -p e rm iss iv e  te m p e ra tu re s  of 36® and 38®C.
The re s u lts  of one ex p erim en t in which a ll  in fec tions w ere  
c a r r ie d  out in the sam e ex p erim en t a re  given in T ables 9 and 10.
Table 9 gives the re la tiv e  plaque t i t r e s  and th ese  w ere  used  to 
ca lcu la te  the com plem entation  ind ices p re sen te d  in Table 10 (M ethods 
Section 9a). In m o st c a se s  the infectious c en tre  t i t r e  of the m ixed 
infections exceeded  those of the co n tro ls  and th is  w as taken as  evidence 
of positive  com plem entation . At 38® the ind ices v a ried  fro m  about
1. 0 (no evidence of com plem entation) e. g. tsA  x tsE , tsA  x t s J  and
Table 9.
Infectious C en tre  A ssay  (1)
4 X 10^ BHK21/C13 c e lls  w ere  infected  a t a  m . o. i. of 
5 p. £. u. /c e l l  of each  of the two ts  m utan ts. A fter ad so rp tion  and 
n eu tra lisa tio n  of re s id u a l v iru s  the infected  c e lls  w ere  added to 
co n tro l c e lls  and the  p la tes  incubated fo r 2 -3  days a t 31®, 36® and 
38®G. The num ber of p laques i. e. in fectious c e n tre s  w ere  counted 
a f te r  fixing and stain ing .
(1) T itre  of infectious c en tre  a t 36®.
(2) T itre  of infectious c e n tre  a t 38®.
(3) T itre  of infectious c e n tre  a t 31®.
(The 38® figu re  is  the av erag e  fro m  two p la tes)
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tsB  % tsE  to g re a te r  than 100 e. g. tsA  x jW, tsB  x and tsB  x t s j . 
M utants tsF  and tsC  w ere  ra th e r  leaky - and as  a consequence 
infections involving e ith e r  m utant tended to show low com plem entation  
ind ices . The G. I. 36/31 w ere  often low er than the C .Ï . 38/31.
Taking a C .I, of Z o r g re a te r  as evidence of positive  com plem entation  
four p a irs  fa iled  to show positive  com plem entation a t 38° but did show 
it a t 36° via. tsA  x tsE , tsA  x ts  J, tsD  x t s J  and tsE  x tsG . Only 
th re e  p a irs  fa iled  to show com plem entation a t e ith e r  te m p e ra tu re  viz. 
tsB  X tsE , t s F  X and tsG  x t^I. B reak through  a t the n o n -p e rm iss iv e  
te m p e ra tu re  w hich w as e s tab lish ed  as  being due to leak in ess  (R esults 
Section IF ) w as taken into considera tion  when analysing  the re s u lts ,  
and c o rre c tio n s  w ere m ade w here n e ce ssa ry . F o r  a  given p a ir  of 
m utan ts the com plem entation  index often v a ried  in su ccess iv e  
e x p erim en ts . Table 11 shows the com plem entation  ind ices calcu lated  
from  the re s u lts  of an infectious cen tre  a ssa y  c a r r ie d  out a t a d ifferen t 
tim e  w ith d iffe ren t v iru s  stocks. All the infections w ere  c a r r ie d  out 
in the sam e ex p erim en t. The re s u lts  showed considerab le  v a ria tion  
from  those  p re sen te d  in Table 10. T here w as a m uch h igher 
p roportion  of com binations showing no detectab le  com plem entation  a t 
36° o r 38°. The d eg ree  of v a ria b ility  in su ccess iv e  ex p erim en ts  is 
a lso  illu s tra te d  by the com plem entation  ind ices ca lcu la ted  fo r se lec ted  
c ro s s e s  fro m  five se p a ra te  experim en ts e. g. a t 38° tsE  x te l gave 
indices of 5. 0, 29, 43, 206 and 428; t ^  x ts  J gave ind ices of 1. 7,
5 .0 , 46, 70 and SO. In o th er c a se s  the values w ere  m ore  co n sis ten t,
Table 10.
Infectious Cent re  A ssay  (1)
C om plem entation coeffic ien ts  ca lcu la ted  fro m  the re s u lts  
i llu s tra te d  in Table 9 (M ethods Section 9a).
(a) 3 6 ' C .I .
(b) 38* C .I.
Table 10. C om plem entation Indices fro m  Infectious
C en tre  A ssay  (1)
ts  M utant A 
^  (b)
B
D
E
F
G
I
J
B C D E F G I J
17. 8 2. 8 22 .4 74. 1 2 .0 1. 5 93. 1 >88. 9
<8. 5 9. 5 24. 3 <1. 5 6. 1 5 .9 >595 < 0 . 7
1 16.4 3. 9 0 .6 2. 0 1. 6 15.9 >25. 9
4 .2 34. 0 <0. 7 17. 9 8. 0 >163. 3 >157
1 13.6 7. 4 1 .4 1.2 12. 5 > 8 . 8
7 .4 4. 5 6. 7 2 .4 7. 8 5.9
1 5 .4 3. 8 0. 9 1.4 > 2 .6
131. 0 3 .6 6. 8 8. 0 1. 5
1 1.2 3 .0 22. 1 >275
2. 7 1. 0 5, 0 64. 0
1 0. 7 1.9 5. 1
3. 3 1 .4 4 .4
1 0. 8 12
1. 5 2. 1
187.6 
80. 0
Table 11.
C om plem entation Indices fro m  Infectious C en tre  A ssay  {Z)
C om plem entation ind ices ca lcu la ted  fro m  a se p a ra te  in fectious 
c en tre  a ssa y  (M ethods Section 9a).
(a) 36® C .I .
(b) 38® C .I .
Table 11. C om plem entation  Indices fro m  Infectious
C en tre  A ssay  (2)
ts  M utant A B
A (b)
B
c D E F G I J
>0. 3 <0.01 83. 0 0. 1 4. 7 1667
1. 6 0. 9 0 .9 0 .9 21. 7 27. 8 0. 5
< 0 .01 <0. 01 0.01 0. 8 33. 8 2 6 .9
<0. 01 1. 0 0. 5 0. 1 605 46. 3 176.. 6
1 0. 6 0 .9 0. 3 1.2 1.0
4. 0 1. 8 0. 1 10. 8 1 .9 1. 0
1 0. 7 0 .9 0. 7 0 ,9
15. 0 0. 01 421 .6 43. 8 41. 7
1 1 .4 42. 9 7778 «
0 .2 275 42. 5 13. 3
1 1. 05 1 .4
0. 1 0 .2 0. 1
î 46. 6
5. 0 0. 8
D
E
F  
G
 ^ 5. 0
J  1
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e. g. tsA  X tsG  gave va lues of 5, 0, 5. 9, 10. 2 and 2 1 .7  and fo r
tsB  X tsE  the values w ere  co n sis ten tly  low a t 0. 5, 0. 7, 0. 8, 1.6
and 1 .6 . The v a r ia b ility  could be due to sligh t fluctuations of
te m p e ra tu re  w hich in v ariab ly  o ccu r in the opening and c losing  of
incubato r d o o rs; to the physio log ica l s ta te  of the c e lls  a t any one
tim e  o r  to v a ria tio n  in the input m u ltip lic itie s  in te rm s  of
p. f. u, : p a rtic le  ra t io s . U ntil th is  v a ria b ility  is  fu lly  understood
and can  be co n tro lled , i t  r e s u l ts  in  the  need to co n sid e r the com bined
data  fro m  a s e r ie s  of e x p erim en ts . F o r th is  rea so n  we p re s e n t in
Table 12 the g eo m etric  m ean  of the com plem entation  ind ices a t 36°
and 38° fro m  se v e ra l  e x p erim en ts . At 38° the ind ices ranged  fro m
about 1. 0 (tsA  X t s J , tsB  x tsE , tsG  x ts J )  to g re a te r  than  100
(top  X ts i  and tsB  x t s j ) .  C onsidering  the p a ra lle l  da ta  a t 36° it can
be seen  th a t the ind ices w ere  in g e n e ra l low er. They range fro m
about 1. 0 to o v er 50. B earing  in m ind the leak in ess  of m utan ts
taC  and t s F  the  C .I . va lues a t 38° a re  a ll  in c re a se d  a t le a s t  2 -fold
above the co n tro l va lues w ith the exception of tsA  x ts  J , tsB  x tsE
and tsG  x t s j . Using the 2 -fo ld  c r ite r io n  fo r th ese  th re e  exceptions
we o bserved  th a t a t 36° the c ro s s  tsA  x t s j  showed a high com plem entation
index, although a t th is  te m p e ra tu re  se v e ra l of the o th e r c ro s s e s
no longer gave evidence of sign ifican t com plem entation . This is  no
doubt la rg e ly  because  se v e ra l m u tan ts a re  leaky a t 36°, Thus only
tsB  X tsE  and tsG  x  t s j  gave no evidence of com plem entation  a t e ither
Table I Z ,  G eom etric  M ean of the C om plem entation Indices
fro m  S ev era l Infectious C en tre  A ssays.
ts  M utant
B
D
E
F
G
A B C D E F G I J
1 1 .4 3. 5 7. 7 16. 6 2 .0 3. 7 65, 5 11. 1
1 2. 1 2. 0 9. 8 8, 5 3 .6 9 .0 36.4 0. 7
1 2. 1 1.0 1. 1 1. 3 2 .2 7. 3 2. 1
1 2. 6 6. 7 0. 7 19.0 34. 7 161.9 161.2
1 2 .9 1. 5 0. 9 1.4 3 .2 2 .9
1 3. 8 2 .0 12.9 4. 7 5 .8 3. 3
1 3. 1 2. 4 1. 0 1.4 0 . a
1 30 .9 4. 5 27. 1 11. 0 7.T)
1 1. 3 6. 4 10.6 66. 1
1 3. 1 38. 1 51.9 55. 6
1 0 .6 2 .2 3. 9
1 3 .2 2. 1 3. 3
1 2. 1 1.0
1 2. 3 1.6
1 8. 6
1 ■ 18.7
(a) 36° m ean
(b) 38 ° m ean
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te m p e ra tu re . (The effic iency  of plating of infectious c e n tre s  was 
on av erag e  about 30% and th e re  w as only a  m arg in a l d ifference  in 
the effic iency  of p lating  of infectious c e n tre s  of the w ild type a t 31°,
36° and 38°).
C. P rogeny  y ield  te s t .
As a second approach  to the study of com plem entation  groups 
we com pared  the b u rs t  s izes  fro m  c e ll populations m ultip ly  infected  
w ith p a ir s  of ts  m utan ts when grown a t the n o n -p e rm iss iv e  te m p e ra tu re  
(38°) w ith co n tro l single p a re n t infections.
T his type of ex p erim en t g ives a  m ore  a cc u ra te  a s se s sm e n t of 
com plem entation  of function, since it is  not p o ss ib le  to exclude the 
involvem ent of recom bina tion  a s  a contribu ting  fac to r  to the production  
of an infectious c en tre  plaque. A lso leak in ess  is  of le s s  sign ificance 
in  a y ield  ex p erim en t. The re s u lts  of one such ex p erim en t in which 
a ll  the in fec tions w ere  c a r r ie d  out a t the sam e tim e  is  given in Table 
13. The re s u l ts  show th a t the m a jo rity  of p a irw ise  com binations 
gave positive  com plem entation  a t 38° (taking values of 5 o r  g re a te r  
a s  positive). The com plem entation  indices ranged  fro m  3-900.
Five of the p a ir s  tsA  x  tsC , tsA  x tsE , tsA  x ts F , tsB  x tsE  and 
tsG  X ts  J  showed low com plem entation  ind ices a t 38 °C.
Again in th is  type of ex perim en t a s  w ell a s  in the infectious 
cen tre  a s sa y  the lev e l of com plem entation  w as often v a riab le  fro m  
one se t of ex p erim en ts  to ano ther. F o r th is re a so n  it was considered
Table 13.
Yield E xperim en t (1)
4 % 10^ BHK21/C13 c e lls  w ere  infected a t a  m* o, i. of 
5 p. f. u. of each  of two ts  m u tan ts. A fter ad so rp tion  in suspension  
the infected  c e lls  w ere  p e lle ted , the superna tan t d isc a rd e d  and the 
c e lls  re  suspended in 4 m l of E . T. G. The c e lls  w ere  then  incubated 
in p la s tic  d ishes a t 38°G fo r 20 hou rs. A fter incubation the c e lls  
plus m edium  w ere  h a rv ested  and the progeny v iru s  assay ed  by the  
stan d ard  plaque a s sa y  a t 31° and 38°G. The com plem enta tion  index 
was ca lcu la ted  as
CI =
i(A31' + B31°)
w here (A4B)^^** is  the av erag e  t i t r e  of the progeny  v iru s  fro m  two 
p la te s  incubated a t 31 *C.
Table 13. Y ield E x perim en t (1) 
C om plem entation Indices
A B C D E F G I J
A 1 10 4 106 3 3 5 30 10
B 1 16 10 4 26 80 20 900
C 1 50 12 56 42 50 75
D 1 26 6 100 50 11
E 1 170 27 6 30
F 1 130 22 44
G 1 59 3
I 1 20
J 1
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n e c e ssa ry  to co n s id e r the com bined data  fro m  a s e r ie s  of ex p erim en ts . 
The da ta  p re se n te d  in Table 14 show the g eom etric  m ean  com plem entation  
ind ices fro m  a s e r ie s  of ex p erim en ts . The re s u l ts  show th a t by 
analysing  the da ta  in th is  way se v e ra l  com binations gave ind ices le s s  
than  5 v iz. tsA  x tsC , tsA  x tsE , tsA  x ts F ,  tsA  x  tsG , tsA  x t s J ,  
tsB  X tsC , tsB  X tsD , tsB  x tsE , tsG  x jW  and tsG  x t s J .
It w as p o ss ib le  th a t recom bina tion  w as playing a  co n sid erab le  
p a r t  in the y ie ld  ex p erim en ts  a t the n o n -p e rm iss iv e  te m p e ra tu re .
To d e te rm in e  if th is  w as the c a se  we m ea su re d  the ts-f progeny  fro m  
m ixed in fec tions a t the  n o n -p e rm iss iv e  te m p e ra tu re  and th is  w as taken 
into account in the ca lcu la tion  of com plem entation  ind ices (Table 15).
It becam e a p p aren t fro m  the re s u l ts  tha t in m o st c a se s  recom bina tion  
w as playing a v e ry  sm a ll p a r t  in the com plem enta tion  ex p erim en ts .
If recom bina tion  a s  opposed to  com plem entation  had been  the m a jo r 
cause  of the in c re a se d  t i t r e s  in m ixed infections then  the y ie lds would 
have been  v e ry  low a s  the m a jo rity  of the  c e lls  a t the n o n -p e rm iss iv e  
te m p e ra tu re  would not have produced  any progeny.
D. P laque m orphology t e s t .
In the case  of the c ro s s  t a p  x  ts  J  no in c re a se  in e ith e r  num bers 
of in fec tious c e n tre s  o r b u rs t  s ize  w as observed  in m o st c a se s  a t 36° 
o r  38° com pared  to th e  co n tro ls . Using o u r th ird  ap p roach  it was 
found tha t in an in fec tious c e n tre  a ssa y  when the c ro s s  contained  the 
syn, sy n f a lle le s  in  addition to the ts  m a rk e rs  i. e. tsG  syn x ts  J  synf
  I I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .  .. . . . . . . . . . . . . . . . . .  . . . . . . .. . . . . . . . . . . . . . . . . . . . .
Table 14. G eom etric  M eans of the C om plem entation 
Indices C alcu la ted  F ro m  S ev era l P rogeny  Y ield T es ts
Mutant A B G D E F G I J
A I 4. 7 3. 2, 22. 8 1. 1 2. 0 2. 7 14. 5 3, 7
B 1 2. 5 2. 8 1. I 19. 8 14.6 18. 7 85. 2
G 1 7. 0 3. 7 10.4 4 .9 9. 3 5. 0
D 1 34. 5 9. 5 13. 9 9 .6 17, 2
E 1 50. 5 42. I 36. 1 11. 9
F 1 10. 1 11. 5 14. 1
G 1 3. 9 2 .9
I 1 14. 1
in the Y ields of ts  x  ts  C ro sse s When Grown a t the npt 38°
C ro ss T itre  38 °G T itre  31 °C % R ecom bination
tsA tsB < 4  X 10^ 1.6 X 10^
tsA tsG < 4 X 10^ 3 X 10^ -
tsA tsD < 4  X 10^ 1.2  X 10^ -
tsA tsF 3 .4  X 10^ 4 .8  X 10^
10^)
20
(leak iness 2. 4 x
tsB tsG < 4 X 10^ 44 X lo"' 1
tsB tsD 6 .3  X 10^ 6 X 10^ 10
tsB ts I < 4 X 10^ 2. 8 X -
tsB ts  J <4 X 10^ 6. 3 X 10^ -
tsC tsE 2 X 10^ 46. 3 X 10 3
tsC tsG 4 X 10^ 52 X 10 2
tsC tsI 4 . G X 10^ Î . 6 X 10 ^ 3
tsC ts  J <4 X 10^ 4 X 10^ 1
t sD ts G < 4 X 10^ 4. 8 X 10^
tsD tsI 1,2 X 10^ 43 .2  X 10 4
tsD tsJ C4 X 10^ 4 X 10^ -
tsE tsG 10^
5
2. 4 X 10 9
tsE ts I 2 X 10^ 8 X 10^ 2. 5
tsE to J < 4  X 10^ 1.6  X 10^ 2. 5
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and the re c ip ro c a l, the m a jo rity  of the infectious c e n tre s  w ere  of a 
m ixed m orphology, i . e .  p a r tia lly  syncy tia l and p a r tia lly  non-syncy tia l. 
This re s u lt  would ind icate  th a t both genom es w ere  functioning within 
the in fected  c e ll  giving r i s e  to each  infectious c en tre  a t 38°.
As a lre ad y  m entioned com plete dom inance fo r syn / eyn-f was 
not observed  in the  progeny  fro m  infectious c e n tre  a s sa y s  of the type 
ts+ syn  X ts+ syn i-.
E . D iscussion .
Taking fo r a rb i t r a ry  rea so n s  2 o r g re a te r  than  2 as evidence of 
positive  com plem enta tion , the geom etric  m eans of the in fec tious 
cen tre  te s ts  show th a t the m a jo rity  of p a irw ise  com binations of the 
te m p e ra tu re  sen sitiv e  m utan ts com plem ent a t e ith e r  36° o r 38° o r 
both. Those which fa iled  to show com plem entation  a t e ith e r  
te m p e ra tu re  by th is  te s t  w ere  the p a irs  tsB  x  tsE  and tsG  x t s J .
In addition to th ese  two p a ir s  tsA  x t s J  failed  to show com plem entation  
a t 38° but did show a positive  value of 11. 1 a t 36®. If we m ake the 
assum ption  th a t va lues of 5 o r  g rea ter^and  2, o r  g re a te r  provide 
suggestive  evidence of com plem entation , the re s u l ts  of the progeny 
y ield  te s t  a re  in  v e ry  fa ir  qua lita tive  ag reem en t w ith the infectious 
c en tre  data .
When co n sid erin g  the m ean  ind ices obtained a t 38° fo r both the 
infectious c e n tre  d a ta  and the y ie ld  ex p erim en ts , a s  shown in Table 
16 only th re e  c ro s s e s  co n sis ten tly  fa il  to show positive  com plem entation
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i. e. taA  x  t s J ,  tsB  x tsE  and tsG  x t s J . When th is  da ta  is  p lo tted  
a s  i llu s tra te d  in F ig u re  6 only one c ro s s  tsB  % tsE  fa lls  ou tside  the 
lim its  of both the in fec tious c e n tre  da ta  and the y ield  data . The 
c ro s s  tsA  X t s J  w as unusual in not showing com plem enta tion  a t 38® 
but showing c le a r  evidence of com plem entation  a t 36° in infectious 
cen tre  a s sa y s  (Table 12). U nfortunately  it  w as not p o ss ib le  to c a r ry  
out y ield  ex p erim en ts  a t 36° because  of the high background grow th 
of single p a re n t in fec tions. However we co n sid er th a t the m utations 
tsA  and t s J  re p re s e n t  m u ta tions in d iffe ren t c is tro n s . It is  co n sid ered  
th a t the m ixed m orphology of the infectious c e n tre s  obtained in the 
c ro s s  tsG  X t s J  is  evidence of positive  com plem entation . T h ere fo re  
the only c ro s s  fo r which no a lte rn a tiv e  explanation can  be found to 
account fo r  the low com plem enta tion  ind ices is  the c ro s s  tsE  x  tsB .
It is  concluded th e re fo re  th a t th ese  two m uta tions re p re s e n t  a lte ra tio n s  
w ithin the  sam e gene.
C onsidering  the  p a r t  p layed by recom bination  in the y ield  ex p erim en ts  
it can be seen  fro m  the re s u l ts  (Table 15), th a t in c e r ta in  c ro s s e s  no 
de tec tab le  recom bina tion  o c c u rre d  and in o th e rs  th e re  w as a v e ry  
sm a ll am ount. The av erag e  p a r t  p layed by recom bina tion  w as 3. 0% 
of the to ta l yield .
On the b a s is  of the re s u l ts  obtained fro m  the coinp lem entation  
a n a ly s is  the  nine te m p e ra tu re  sen sitiv e  m utan ts have been assig n ed  to 
eight com plem enta tion  groups - tsA , (toB and tsE ), tsG , tsD , ts F , 
tsG , ts I  and t s j .
Table 16. C om paraion  of the G eom etric  M eans F ro m  S ev era l 
Sets of Infectious C en tre  and Yield E x p erim en ts
ts  M utant A
B
C
D
E
F
G
J
/
B C D E F G I J
1 2. 1 2 .0 9. 8 8. 5 3 .6 9 .0 36. 4 0. 7
1 4. 7 3 .2 22. 8 1. 1 2. 0 2. 7 14. 5 3. 7
1 2 .6 6. 7 0. 7 19. 0 34. 7 161, 9 161.2
1 2. 5 2. 8 1. 1 19. 8 14.6 18. 7 85.2
1 3. 8 2. 0 12.9 4. 7 5. 8 3. 3
1 7. 0 3 .7 10.4 4 .9 9. 3 5. 0
1 30. 9 4. 5 27. 1 11. 0 7. 0
1 34. 5 9. 5 13. 9 9 .6 17. 2
1 3. 1 38. 1 51 .9 55.6
1 50. 5 4. î 36. î 11. 9
1 3.2 2. 1 3. 3
1 10. 1 11. 5 14. 1
1 2. 3 1.6
1 3 .9 2 .9
1 18. 7
1 14. 1
(a) In fectious C en tre  A ssays G eom etric  Mean.
(b) P rogeny  y ield  te s t  geom etric  m ean
F igure  6.
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G om parisou  o i  the G eom etric  M eans F ro m  S evera l 
Sets of Infectious C entre  and Yield
P lo t of re s u l ts  i l lu s t ra te d  in Table 16 i . e .  m ean 
indices obtained a t  38® fo r  both the infectious cen tre  da ta  
and the yield eacper im e n ts.
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Ill, G enetic A n a lysis  by R ecom bination,
A. Introduction.
In view of the r e p o r t  of recom bination  in HSV by Wildy (1955), 
the availab ility  of to and syn m utan ts  provided a good opportunity 
to investigate  recom bination  in HSV. The ana lysis  was approached 
in two ways.
(1) Two fac to r  c ro s s e s  of the type tsA  x taB. This was done 
in o rd e r  to a s c e r ta in  if recom bination  was taking p lace  e. g. 
the production  of ts-f recom binan ts  f ro m  two ^ p a r e n t s .  If 
recom bination  was taking place it would be expected tha t a t the 
p e rm iss iv e  te m p e ra tu re  both the p a re n ta l  types and the two 
recom binan t types would grow but a t  the n o n -p e rm iss iv e  
te m p e ra tu re  only the ts-i- recom binants would grow (Table 17).
(2) T hree  fac to r  c ro s s e s  of the type t s Asyn x t s B syn-f and the 
re c ip ro c a l  t s Asynf  x t s B syn. This type of th re e  fac to r  c ro s s  
has the sam e advantage over two fac to r  c ro s s e s  in that the 
output of syn î- syn-f in the 31® progeny v iru s  can be m onitored . 
Outputs can be m onito red  in 2, 3 and 4 fac to r  c ro s s e s  providing 
one a lle le  can  be eas i ly  distinguished  from  the o ther .  In our 
sy s tem  it  is the inclusion of the plaque m orphology m a rk e r  which 
m akes th is  easy . In addition th ree  fac to r  c ro s s e s  have fu r th e r  
advantages:*» (a) allows m a r k e r s  to be o rien ta ted  with re s p e c t
to th e ir  p rox im ity  to the plaque morphology m a rk e r  and (b) can
Table 17. The Growth P ro p e r t ie s  of the P rogeny  f ro m  a 
C ro ss  Between Two t£^ P a re n ts  in which Recom bination
Has O ccurred .
P a re n t  Î A
Growth at 
31® 38®
P a re n t  2 B
Recom binant 1 A
Recom binant 2
B
4-
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ca lcu la te  recom bination freq u en cies from  the sam e experim ent.
B. T w o-fac tor c ro s s e s .
The in it ia l  experim en ts  undertaken w ere  tw o-fac to r  c ro s s e s  of 
the type tsA  x tsB . Table 18 shows the r e s u l ts  of one se t of two 
fac to r  c ro s s e s  which w ere  a ll  c a r r ie d  out at the sam e tim e under 
iden tica l conditions. The re s u l ts  indicate that m ost  of the c ro s s e s  
gave p laques a t  a  h igher frequency  than the con tro l c ro s s e s  a t 38°.
It appea red  th e re fo re  that the progeny v irus  f ro m  a m ixed infection 
at 31° contained v iru s  which was able to grow a t  the non-pexuaiissive 
te m p e ra tu re  and could th e re fo re  for the p re s e n t  be c la ss if ied  as  wild 
type. Self c ro s s  con tro ls  produced on the whole v e ry  l it t le  v iru s  
which was able to grow at the n o n -p e rm iss iv e  te m p e ra tu re .
The tw o-fac to r  c ro s s  exp erim en ts  d em ons tra ted  tha t f ro m  a 
m ixed infection of two te^paren ts  a t the p e rm iss iv e  te m p e ra tu re  a 
p roportion  of the p rogeny v iru s  was able to grow at the n o n -p e rm iss iv e  
te m p e ra tu re .  To d e te rm in e  if th is  progeny v iru s  was t ru ly  ts4- 
o r  only phenotypically  so progeny te s ts  w ere  c a r r i e d  out. To do 
this m ixed Infections w ere  c a r r ie d  out in the u su a l  m an n e r  at 31° 
and the progeny t i t ra te d  at 31° and 38°C. P laques w ere  then picked 
f ro m  the 38° p la te s  and regrow n at 31° and 38°C. Table 19 shows 
the re s u l ts  of one experim en t of th is  type. The re s u l ts  indicate  that 
in a se lf  c ro s s  con tro l  of tsj- syn (wild type) the progeny plaques 
picked f ro m  p la tes  grown a t 38° contained approx im ate ly  equal
Table IS
T w o-factor c ro s s  experim en ts  w ere  c a r r ie d  out fo r  each 
of the m utan ts  as  d e sc r ib ed  (Methods Section 10a). The re s u l ts  
show the t i t r e  of the to ta l  progeny v iru s  (31 °) and the t a f  
recom binants  (38*) in p . f ,u .  /m l  and the recom bina tion  frequencies  
calcu lated  fro m  these  re s u l ts  by the form ula .
RF% = 100 X 2 [(A-I-B)38*/31* - i(A 38"/31 » + B38»/31 ")]
Table 18. Two -F a c to r  C ross E xperim ent.
C ro ss T it re 31 o P- f. u. /m l T itre  38® p. £. u. /m l RF% .
tsA X tsA 1. 9 X 10g 10^ 0
X tsB 9. 5 X 10® 2 3C 10*^ 0, 04
X tsC 3. 5 X 10® 10% 0, 5
X tsD î. 9 X loO 2. 2 X 10^ 0, 18
X tsE 6. 3 X 10® <10^ <0, 03
X t s F 1. 4 X 10/ 1. 4 IC^ 2. 5
X tsG 1. 4 X 10/ 10*5 1,4
X ts ï 3. 7 X 10^ 7 X 10^ 0 ,04
X t s J 1. 4 X 10^ <102 < 0 .0 1
tsB X tsB 10^ , <10% 0
X tsC 1. 2 3C 10; 1 .5  X 10^ 2. 1
X tsD 2. 9 10“ 4 X 10^ 0 ,27
X tsE  
X t s F
1.
8.
1
7
X
X
10/
10&
< 10^ 
9 .5  X 10®
< 0 ,01
1.2
X tsG 1. 2 X 10° 5 X lOj 6, 1
X ts ï 10^
10^
4. 6 K l o ! 0 ,09
X t s J l . 3 X 9. 7 X 10^ 1,6
tsC X tsC 5 X loO 3 .5  X 10^ 0, 035
X tsD 1. 2 X 10^ 2 X 10^ 3. 3
X tsE 3. 1 X 10^ 3 .2  % 10^ 2 .0
X t s F 2. 7 X loO 4. 3 3c 10^ 29 ,4
X tsG L 8 X l o t 2. 1 3C 105 23
X ts ï 2. 9 X 10& 9 .5  X 10^ 6,1
X t a j 9. 2 X 10 7. 1 X 10^ 1.0
tsD X tsD 2. 2 X 10& <10'î 0
X tsE 10^ 3 3C 10^ 6, 0
X t s F 1. 2 X 1 0 | 4 X 10^ 6, 6
X tsG 2. 1 X 10, 1.2 X 10^ 1. 0
X ts ï 4 X 10^ 5 X 1q4 2, 5
X ta J 3. 4 X 10® 8 X 10^ 0,47
tsE X tsE 1* 2 X 10^ <10% 0
X ta F 1. 6 X 10^ 1 .3  X 16.1
X tsG L 1 X 10® 2. 7 X 10"^ 5. 0
X t s i 4* 1 3£ 10^ 2. 5 X 10^ 1,2
X t s J 2. 5 X 10® 1.6 X 10^ 1.29
ta F X t s F 1. 9 X 10® 6 X 10"^ 3.0
X tsG 3» 3 10® 1 .3  X 10^ 49*6
X ts i a. 0 X 10® 3.6 X 10^ 34, 8
X  t s J 3. 7 X 10® 3.1 X 10^ 16
tsG X tsG  ' •4. 2 X I qO 2. 6 X 10^ 0.06
X te l 1. 9 X 10® 8 .3  X 10^ 6 .2
X t s J 6. 4 X 10 8 X 10 2. 5
t s i  X ts i 3. 2 X 10® / 1q2 0
X  t s  J 2. 7 X 10® 9 X 10^ 0. 7
t s J X  t s  J 9. 2 X 10^ <10^ 0
Table 19
P rogeny  te s ts .
P laques picked fro m  p la tes  containing t s f  progeny (38*) 
f ro m  tsX X tsY  c ro s s e s ,  w ere  regrow n a t 31* and 38* to de te rm ine  
if the  progeny w ere  t ru ly  ts4  o r  only phenotypically  so.
Table 19
No. of No, of P laques No. of No, of
f ro m  38® plaques fro m  38 ° plaques plaques
38° 31° 31°
•ts 4 y
t s J  X tsB 17+ X 17+
1 70 50 1 17 20
2 44 12 2 175 120
3 92 76 3 32 30
4 4 2 4 31 37
5 86 30 5 27 33
6 66 42 6 60 101
7 5 8 7 30 34
8 36 48 8 6 14
9 27 9 9 35 40
10 4 3 10 11 25
toi X tsG tsCsyn-t ■ X te lsyn
1 4 5 1 2 14
2 10 13 2 23 106
3 1 «• 3 0 0
4 19 22 4 3 12
5 8 15 5 71 115
6 11 10 6 12 37
7 3 4 7 3 0
8 5 8 4 14
9 30 36 9 3 0
10 44 36 10 15 0
to F  X tsE tsD syn X tsEsyn+
1 5 9 1 30 40
2 213 164 2 54 32
3 18 31 3 7 4
4 600 640 4 17 12
5 7 16 5 2 0
6 56 39 6 20 21
7 3 14 7 40 60
8 15 24 8 25 30
9 31 78 9 1 0
10 172 265 10 0 2
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num bers  o£ plaques a t  the p e rm iss iv e  and n o n -p e rm iss iv e  
te m p e ra tu re s .  It would be expected that if progeny v iru s  f ro m  
a 1 ^ c ro s s  which fo rm ed  plaques at 38° was wild type i. e. t s+ , 
the plaques picked f ro m  38° should contain v iru s  which grows 
equally well a t  both te m p e ra tu re s .  It can be seen  f ro m  the re su l ts  
in the g roat m a jo r i ty  of ca se s  th is  held tru e . F ro m  seventy plaques 
iso la ted  fro m  38° p la tes  from  six se ts  of 31° m ixed infections, 
only 10% yielded p a r t ic le s  which gave ra t io s  of g re a te r  than 1:2, 
3 8 ° /3 I°  when rep la ted  at both te m p e ra tu re s .  It would appear  
th e re fo re  that in th is  sy s tem  taxue recom bination  is  taking place, 
producing s tab le  genotypes with recom binant m a rk e r s .
As in the com plem entation  analysis  th e re  was considerab le  
varia tion  fro m  one set of recom bination  ex perim en ts  to ano ther in 
the ac tual e s t im a te s  of recom bination  frequencies  even although 
conditions w ere  s tand ard ised  as  m uch as poss ib le . Recom bination 
values did not rem a in  constant f ro m  one experim en t to another.
It was usua lly  the case  tha t  if the R. F. value fo r  one p a r t ic u la r  
c ro s s  was h igher o r  lower than in a prev ious experim en t then a l l  
the c ro s s e s  gave R. F. values which w ere  h igher o r  low er. In o ther 
w ords th e re  was an o v e ra l l  va ria tion  which was not confined to 
c e r ta in  p a r t ic u la r  c ro s s e s  o r  c ro s s e s  involving c e r ta in  m utan ts  e. g. 
the R. F. values in two experim en ts  obtained fo r  the c ro s s e s  
tsB  X t s F  w ere  15. 7 and 27; tsB  x ts  J  3, 3 and 9. 96; tsC x tsG  
3. 6 and 18. 7. Most of the o ther  mixed Infections in the second
experim en t gave h igher  R. F . values than in the f i r s t .  T here  
w ere  a few however which gave re la t iv e ly  constan t va lues e .g .  
tsA  X tsD  gave 18 and 18.9 and tsB  x tsD  11 and 11.9.
As in the com plem entation  ana lysis  the re a so n s  fo r th is  variatiozr 
is not com plete ly  c le a r  and for th is  rea so n  we have combined the 
data  f ro m  th re e  se ts  of two fac to r  c ro s s e s  and taken the geom etric  
m ean  of the R. F . va lues f ro m  these  exp erim en ts .  Table 20 shows
t O bl htt
these  m ean  R. F . va lues. In as much as  it is jus tif ied  in c-omfeèfmtg 
the re s u l ts  f ro m  th re e  se ts  of ex perim en ts  it can be seen  tha t the 
recom bination  frequ en c ies  ranged fro m  le s s  than 0. 01% fo r  the c ro s s  
tsB  X tsE  to about 50% for the c ro s s e s  tsD  x  t s F  and tsG  x t s F .
The two “fac to r  c ro s s  data  provided certann fundam ental 
in form ation  - (1) Recom bination was taking place in m ixed infections
of two ts  m utan ts  a t the p e rm iss iv e  tem p era tu re .
(2) The recom bina tion  frequenc ies  w ere  m e a su ra b le  and ranged 
from  about 0. 01% to 50%.
(3) The range in R. F. va lues fo r  d ifferen t p a i r s  of ts  m utan ts  indicated 
linkage between the nine ts  m utan ts . C erta in  conclusions could be 
draw n about the re la tion sh ip  of the ts  m a rk e r s  to one another via.
tsD  and t s F  and tsG  and t s l  seem ed to be the le a s t  c lo se ly  linked: 
tsB  and tsE  seem ed  to be the m ost c losely  linked: taC was n e a re s t  to 
taF : tsG  was n e a re s t  to tsD: and t s i , tsA  and ts  J  w ere  a l l  fa ir ly  
c lose ly  linked.
Table 20. Recom bination F req uen c ies  f ro m  T w o-F ac to r  
C ro ss  Data. G eom etric  Mean of 3 Sets of Data.
G ross R F  (%) (G eom etric  
Mean of 3)
t s  X t s ts  X  ts
A A 0 B E <0.013
B 0. 08 A B 0. 08
G 14.49 A I 0. 136
D 9. 22 B G 0. 164
E 2. 0 B I 0. 38
F 28. 7 G I 0. 38
G 7.69 E G 0.49
I 0. 136 I J 1. 5
J 2 .28 A E 2. 0
B B
G
D
E
F
G
I
J
0
2, 203 
11. 86 
<0. 013 
20. 94 
0. 164 
0. 385 
5. 19
B
A
E
G
C
D
G
B
E
C
J
J
J
E
E
J
J
I
2 .2
2 .28
2. 88 
3. 1
3. 53 
4 .63
4. 66
5. 19 
5.27
C G 0 G G 5. 84
D 12. 16 A G 7.69
E 3, 53 C F 8. 17
F 8. 17 D G 8. 2
G 5. 84 F J 8. 38
I 13. 03 A D 9.22
J 4. 66 F I 11. 1
D D
E
F
G
I
J
0
4. 63 
49. 5
8. 2
B D 11. 86
C
C
D
D
I
J
12. 16 
13. 03 
13.65
14. 86 
13. 65
A
D
E
C
I
F
14.49 
14. 86 
18. 03
E E 0 B F 20. 94
F 18. 03 A F 28. 7
G 0.49 D F 49. 5
I 5. 27 F G 49. 8
J 2. 88
F F
G
I
J
0
49. 8 
11. 1
8. 58
G G
I
J
0
0. 38 
3. 1
I I
J
0
3. 1
J J 0
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C. T im e co u rse  of p roduction  of ts+  recom binan ts.
Having es tab lished  tha t recom bination  was taking place  
between p a ir s  of t s  m utan ts  to fo rm  wild type v iru s ,  the tim e cou rse  
of production of ts+  recom binan ts  was investigated. This experim en t 
was c a r r ie d  out a s  fo r  a o n e -s tep  growth experim ent. C ells  w ere  
infected at a m, o. i. of 5 p. f. u. of each of two m utan ts . A fter 
adsorp tion  and n eu tra lisa t io n  of unadsorbed  v iru s  the infected ce lls  
w ere  incubated a t  31 °C. P la te s  w ere  ha rves ted  a t in te rv a ls  from  
0-30 h r s  post infection and the progeny t i t ra te d  a t  31* to de te rm ine  
the to ta l  v iru s  produced and a t  38° to de te rm ine  the p roportion  of 
ts+ recom binan ts . Recom bination f req u en c ie s  w ere  ca lcu la ted  using 
the s tandard  fo rm ula . F igu re  7 shows the r e s u l ts  obtained from  
th re e  c ro s s e s  - tsB  x t s i ,  tsD  x ts i  and tsB  x tsD. The re s u l ts  a re  
plotted a s  % R. F . aga inst tim e  of incubation. It can be seen  fro m  
the re s u l ts  that for the c ro s s e s  tsB  x  t s i  and tsD  x t ^ ,  ts+ progeny 
f i r s t  appeared  a t 9 h r s  post infection and in c re a sed  to 24 h r s  and 
then Ijegan levelling off to 30 h r s  post infection. F o r  the c ro s s  
tsD  X tsB , ts+ progeny f i r s t  appeared  at 6 h r s  post infection and 
in c re ased  to 30 h r s  post infection. The recom bina tion  frequencies  
in c re a se d  f ro m  0. 2% a t  9 h r s  to 2. 2% a t  30 h r s  fo r the c ro s s  
tsB  X t£l f ro m  0. 32% at 6 h rs  to 2. 4% at 30 h r s  fo r the c ro s s  tsB  x tsD  
and f ro m  0. 22% at 9 h r s  to 4. 8% at 30 h r s  for the c ro s s  tsD  x t s i . 
(These values would be consis ten t with the location of the th ree  
m a rk e r s  on the linkage m ap i l lu s tra te d  in F ig u re  8). F o r  each of 
the c ro s s e s  to ta l  new infectious v iru s  f i r s t  appeared  a t 6 h r s  post
Figure 7
Tim e C ourse  of P roduc tion  of ts+  R ecom binants
The experim en ts  w ere  c a r r ie d  out a s  fo r  a o n e -s tep  growth 
experim ent. Cells w ere  infected a t a  m. o, i. of 5 p. f. u. / c e l l  of 
each of two ts  m utan ts . The infected ce lls  w ere  incubated at 31° 
and ha rves ted  at in te rv a ls  f ro m  0-30 h rs ,  post infection and the 
progeny a ssayed  at 31°, to d e te rm in e  the to ta l  progeny and at 38° 
to de te rm in e  the p roportion  of ts+ recom binan ts .
The data  a re  plotted as  % R. F . aga inst t im e  of incubation.
tsB  X ts i
t s B  X t a p  A --------- A
tsD  X t s i  M------ —Ü
F i g u r e  7
tx.;
2.0
0.4i
15 24 30
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100,
infection and in c re a se d  to 24 h r s  post infection. It would appear  
th e re fo re  that the production of recom binants  follows fa ir ly  c lose ly  
the tim e co u rse  of production of to ta l  progeny v iru s  and th e re  would 
not appear to be any lag and th e re fo re  any build up of pools of genomes 
before  the production and re le a s e  of recom binants . The in c re a se  in 
R. F. values with t im e m ay  have some bearing  on the va ria tion  in R. F. 
values observed  f ro m  one experim ent to another.
D, T h re e - fa c to r  c ro s s e s .
T h re e -fa c to r  c ro s s e s  supply four types of in fo rm ation :-
(1) Output ra t io s .
T hree-fe .ctor c ro s s e s  of the type tsA  syn x tsB  syn+ and the 
re c ip ro c a l  tsA  syn+ x tsB  syn w ere  c a r r ie d  out fo r a ll  the possib le  
com binations of m utan ts . The re s u l ts  of one se t of sim ultaneously  
p e rfo rm ed  th ree -fa c to r  c ro s s e s  a re  given in Table 21. As 
m entioned above it is poss ib le  to m onitor the output ra t io s  of 
syn: syn+ in the progeny v iru s  at 31° and it was found that the ra tio  
of syn:syn+ o r  vice v e r s a  could be as  high as 10:1 in spite of 
c r o s s e s  being m ade with input ra t io s  of 1:1 p. f , u. When the input 
m u lt ip lic it ie s  a re  equal i. e. 1:1 syn:syn+, it would be expected 
that the to ta l  progeny at 31° should also  contain equal num bers  of 
syn and syn+, a l l  o ther  fac to rs  being equal. In the c ro s s e s  the
7input m u lt ip lic it ies  a re  contro lled  as s t r ic t ly  as  possib le  to 2 x  10 
p. f. u. of each m utant into 4 x 1 0 ^  ce l ls ,  but it  was not always the
Table 21. R ecom bination by T h re e -F a c to r  C ro s s e s
31°
tsX syn X t s Ysyn+ plaque t i t r e  x lO” plaque t i t r e  x 10“* RF(%) ts  marker*^'
A
num bers
2 0 /0 /0 32
num bers
n^ /ug /ug*
0 /0 /0 ^0. 1 <0.0001
c lo se r  to
- A 0 /1 5 /0 24 0 /0 /0 ^0. 1 < 0.0002 -
A B 240/240 /0 20 20 /10 /2 32 0. 32 B
A B2(E) 10 /5 /0 23 22 /7 /1 30 0.26 B2
A C 210/290 /8 20 30/160/10 200 2. 0 A
A D 428/220/32 27 18/34/2 54 0.40 A
A F 110/220/66 17 15/135/3 1280 15. 0 A
A G 215/200/19 8. 5 4 /1 0 /0 280 6, 4 A
A I
f ^ o  / üfto/ /a
W74-/V
39
■34 A
- B 0 /6 /0 9 .6 0 /0 /0 <0. 1 <0. 0005 -
B2(E) - 16 /0 /0 25 0 /0 /0 <0. 1 <0. 0002 -
- B2(E) 0 /9 1 /0 29 0 /0 /0 <0. 1 <0.0002 -
B2 A 250/200/20 23 5 /30 /0 35 0. 3 B2
B2 B 8 0 /32 /2 4. 5 0 /0 /0 0. 1 0. 005
B2 C 169/222/9 4. 0 11/47/2 0 .6 3. 0 B2
B2 D 57 /30 /3 2. 8 8 /4 7 /3 48 3. 1 B2
B2 F 80/230/10 12 20 /80 /2 1020 17 B2
B2 G 2 4 /4 2 /3 2 .6 6 /2 8 /2 36 2. 8 B2
B2 I 160/52 /3 8. 5 10/40/3 53 1. 3 B2
C - 8 /0 /0 12 20 0 /0 /0 20 0. 08 -
- G 0 /1 3 /0 20 0 /3 0 /0 3 0.0007 -
C A 300/190/16 16 150/48/5 203 2. 5 A
C B 240/230/12 19 380/28/20 430 4. 5 B
c B2 50/28/2 3. 1 280/180/20 480 3. 1 B2
c D 115/120/12 10 23 /2 /1 260 5.2 D
c F 110/200/15 8. 7 11/51/3 650 15. 0 0
c G 180/200/15 16 190/70/12 272 3.4 G
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31
tsX syn X tsYsyn+ plaque t i t r e  x  10
num bers
38
plaque t i t r e  x  10*^ RF(%) ts  m ark e r^
num bers c lo se r  to s’
c I 181/150/7 34 231 /72 /5 310 1. 82 I
D - 2 /0 /0 3,2 12 /0 /0 1.2 0.0002 -
" D 0 /1 6 /0 25 0 /0 /0 <0. 1 CD, 0002 -
D B 8 6 /78 /4 6, 7 95/55/10 150 4, 5 B
D B2 4 9 /2 2 /0 2 .2 2 3 /9 /0 34 3. 2 B2
D C 80 /80 /0 6. 3 50/90/11 151 4. 8 D
D F 110/115/4 9. 1 20 /90 /9 119 26. 0 D
D G 97/150 /3 9 .6 98 /20 /4 122 3. 0 G
D I 80/100/10 7*4 170/30/18 218 5. 9 I
F - 13 /0 /0 20 100/0 /0 10 0.025 -
- F 0 /1 0 /0 16 0 /3 0 /0 3 0. 001 -
F A 190/180/15 12 40 /16 /3 590 9. 8 A
F B 160/152/0 12 50/14/2 660 11.0 B
F B2 110/98/6 8. 5 38 /20/4 620 14.6 B2
F C • 90/240/16 14 11 /0 /0 110 15. 7 G
F D 120/110/7 10 115/25/6 1450 29. 0 D
F G 112/200/12 12 100/20/10 1300 21,6 G
F I 200/460/15 26 160/40/8 208 16. 0 I
G - 2 0 /0 /0 32 0 /0 /0 <0. 1 <0. 0001 -
« G 0 /1 4 /0 20 0 /0 /0 <0.  1 <0. 0002 -
G A 210/215/20 17 4 8 /3 /2 530 6. 3 A
G B 288/160/16 14 50/14/2 660 9. 5 B
G B2 160/52/3 8. 3 60 /2 0 /5 85 2, 1 B2
G C 120/171/16 12 140/200/20 360 6. 0 G
G D 12/10/0 35 12/28 /5 450 2 .6 G
G F 98 /197 /6 8. 3 20 /60 /9 890 21. 5 G
G I 33 /31 /0 60 80 /35 /5 120 4. 0 ï
I “ 2 0 /0 /0 32 0 /0 /0 <0. 1 <0.0001
Mr I 0 /2 0 /0 32 0 /0 /0 <0. 1 <0. 0001 «
Table 21 contd.
Xsyn X tsY synf
w  wiwlWumw u rn ;..... ■■m Jmwn ii
-----------------  . — -—
plaque t i t r e  x  10
num bers
t i t r e  x IR^^^
num bers
RF(%) ts  marker*^ 
d o s e r  to ajj
I A
affe7«oo//a
m /iH rô /1 2 -
1 7 
16
A y / h  / O
*5^/30/4
3 t
39
O.Jb
Ot'46^ 8
I B 190/220/12 11 220/23/10 253 4. 6 B
I B2 80/200/10 11 4 0 /5 /5 500 0. 91 B2
I C 115/120/9 9 .6 20/60/1 81 1. 7 I
I D 8 1 /9 3 /4 3. 7 2 5 /70 /5 990 5.4 I
I F 17/15/1 50 7 /28 /2 3600 14.4 ï
I G 18/10/2 48 30 /90 /5 125 5.2 I
J - 18 /0 /0 28 0 /0 /0 <0. 1 <0.0002 -
J ■At. 185/290/25 19 4 /2 1 /4 280 3. 0 J
J B 180/130/15 12 30/50/10 900 1. 5 J
J B2 89 /72 /8 67 10 /22 /5 37 1. 1 J
J G 180/110/20 12 30/140/10 ISO 3. 0 J
J D 73 /112 /5 7 .6 20 /80 /6 106 2. 8 J
J F 104/112/9 8 .9 8 /5 8 /8 740 16. 7 J
J G 2 7 /1 5 /4 72 10/60 /5 750 2. 1 J
J I 18 /15 /4 59 50/120/11 181 0.61 J
n j /r i2 /n 2  always given so that gives the num ber of syn p laques, 
n^ the num ber of syn-t- p laques and iig the num ber of m ixed syn, syn+ plaques 
on the sam e plate.
-{• According to s tandard  genetic p rac t ic e ,  the syn a lle le  p redom inating  in the 
se lec ted  ts+ recom binan t c la s s  (column 5) is located c lo s e r  to tha t ts  m utant 
which en te red  the c ro s s  with the a lte rn a tive  syn a lle le .
T h ree -fa c to r  c ro s s e s  w ere  c a r r ie d  out as de sc r ib ed  (Methods Section 10b). 
All the poss ib le  com binations (with the exception of those involving t s J  syn+) 
w ere  p e rfo rm ed  in the sam e experim ent. The progeny was t i t r a te d  at 31° to 
de te rm ine  the to ta l  yield  and a t 38° to d e te rm ine  the ts+ progeny. The 
recom bination  frequencies  w ere  calculated  as i l lu s tra te d  (Methods Section 10a).
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case  tha t the progeny v irus  contained equal nu m bers  of syn and 
syn+ plaques at 31*. Being unable for the p re s e n t  to fully 
explain th is  unequal output but rea l is in g  tha t it m ust  be a reflec tion  
of the pool ra tio  of syn:syn+ which could be due to (a) inaccura te  
in it ia l  m ea su re m e n t of t i t r e  (b) dilution e r r o r s ,  (3) fa ll  off in 
the fridge of the t i t r e s  at d ifferen t ra te s  and (d) slight d ifferences 
in the pH of the m edium , it was decided that only m ixed infections 
which gave not g re a te r  than 3:1, 1:3 syn;syn+ output should be 
u sed  in the construction  of a linkage map. Table 21 is  this 
se lec ted  data . In som e c ro s s e s  it was found n e c e s s a ry  to a l te r  
the input ra t io s  to 1:3 o r  3:1 tsA ttsB  in o rd e r  to achieve 1:1 
output. This was an ticipated  from  the o r ig in a l  ex perim en ts ,
(Output ra t io s  at 31* a re  given in column 3).
(2) O rien ta tion  of m a r k e r s  independently of map d is ta n c e s .
T h re e -fa c to r  c ro s s e s  allow m a rk e rs  to be o r ien ta ted  
independently of m ap d is tances  i . e .  E. F. va lues. The ra tionale  
fo r the o r ien ta tion  of m a r k e r s  is  i l lu s tra te d  in Table 22. Column 
8 of Table 21 shows how the plaque m orphology m a rk e r  was 
located with re s p e c t  to the two ts  m a rk e rs  taking p a r t  in the 
c ro s s e s  for that se t of data  e. g. for the c ro s s  tsA  eyn+ x t s F  syn 
which gave a 1:1 ra t io  at 31”, the ra tio  of 3yn;syn+ at 38® was 
g re a te r  than 3:1 and so fro m  th is  it can be deduced that the plaque 
m orphology m a rk e r  is located n e a re r  to tsA  than t s F  (Table 22,
T a b le  22
A rra n g e m e n t  1.
(a)
P a r e n t  1 
P a r e n t  2 i
(b)
P a r e n t  1 
P a r e n t  2
51'' t
t  y
A rra n g e m e n t  2.
(a)
P a r e n t  1 T  f  - X
(b)
P a r e n t  1
P a r e n t  2 51'V'» + P a r e n t  2
T h
S elec ted  c l a s s  
M ore  f re q u e n t  
L e s s  f re q u e n t
In p la tin g  the  p ro g e n y  f ro m  a th r e e - f a c to r  c r o s s  e x p e r im e n t  
a t  38*, we a r e  s e le c t in g  fo r  ts+ re c o m b in a n ts .  M aking  the  a s su m p t io n s  
th a t  (1) c r o s s o v e r s  a r e  ra n d o m  fo r  p o s it io n , (2) c r o s s o v e r s  a r e  
equa lly  f re q u e n t ,  (3) c r o s s o v e r s  a r e  m o re  f re q u e n t  when the m a r k e r s  
a r e  f a r t h e r  a p a r t  th an  c lo s e r  to g e th e r  and (4) two c r o s s o v e r s  a r e  l e s s  
f re q u e n t  than  one. When the  m a jo r i ty  of ts+  r e c o m b in a n ts  f ro m  a c r o s s  
a r e  sy n , then  only a r r a n g e m e n t s  l a  and lb  would s a t i s fy  the  r e q u i re m e n ts
i. e. the  p laque m o rp h o lo g y  m a r k e r  is  c lo s e r  to  ts  Y th an  tsX . If the 
m a jo r i ty  of ts+  re c o m b in a n ts  a r e  syn+ then  a r r a n g e m e n t  2a and 2b 
would s a t i s fy  i. e. the  p laque  m orp h o lo g y  m a r k e r  is  lo ca ted  n e a r e r  to 
tsX  than  tsY . In th is  way m a r k e r s  can  be o r ie n ta te d  independen tly  of 
m ap  d is ta n c e s .
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a rra n g em e n ts  l a  and Ib).
(3) Recom bination f req u e n c ie s .
The t i t r e  of progeny v irus  at 31® and 38® can be calculated  
and hence the R. F. values for each of the c ro s s e s  (Methods 
Section 10a). Table 21 column 7 shows the R. F. values obtained 
fo r tha t p a r t ic u la r  set of c ro s s e s .
(4) In addition to supplying the above th ree  types of inform ation, 
it becam e app aren t f ro m  the th re e - fa c to r  c ro s s  experim en ts  
tha t  in addition to the progeny v irus  form ing plaques of the 
p a re n ta l  type 1. e. syn and syn+, th e re  was a lso  a sm a ll  p roportion  
of plaques of a m ixed m orphology i. e. p a r t ia l ly  syncytia l and 
p a r t ia l ly  non-syncytia l. It can be seen f ro m  Table 21, column 5 
that e. g. the c ro s s  tsB  syn+ x t s J  syn gave 30 syn , 50 synf
and 10 m ixed in the progeny v irus  at 38®G.
E, C onstruction  of a  linkage map.
As has been s ta ted  p rev ious ly  the frequency of tsj* recom binants 
fo r a given p a ir  of ts  m utants often va ried  for the sam e c ro s s ,  when 
m ade at d ifferen t t im e s .  However com parison  of the re su l ts  obtained 
fro m  the sam e se ts  of c ro s s e s  p e rfo rm ed  at d ifferen t t im es  showed 
that the re la t iv e  recom bination  frequencies  rem a ined  fa ir ly  constant. 
(Com pare the p re se n t  linkage m ap with the p re l im in a ry  one r e fe r r e d  
to by Hay et a l. , (1971) ). Due to th is  v a riab ili ty , it  was thought that
103.
it would be u n re a l is t ic  to use  the recom bination frequencies  from  
m o re  than one se t of da ta  for the construction  of a  linkage m ap, even 
although the output ra t io s  of syn :syn+ w ere  1:1. It was decided, 
th e re fo re ,  to u se  the da ta  f rom  one complete set of th re e - fa c to r  
c ro s s e s  which gave not g re a te r  than 3:1, 1:3 syn:synf  at 31®. The 
ra tio  3:1, 1:3 was chosen due to the difficulties in obtaining enough 
data  with a s t r ic t  1:1 output f rom  one set of c ro s s e s .  The rea so n s  for 
th is  a re  not fully unders tood  at p re se n t  and th e re fo re  it was decided 
to use  data  with a 3:1 ra tio  lim it. The set of data  which was se lec ted  
for the construction  of the linkage m ap is that p re sen te d  in Table 21.
F igu re  8 is  p resen ted  as  the genetic m ap of HSV Type 1. The 
d is tr ibu tion  of the m a rk e r s  gives the b es t  fit and the lea s t  dubiety 
based on the re s u l ts  of our experim en ts . The m ap was construc ted  
using both the R. F. values and the ra tio  of syn:synf am ongst the ts  + 
progeny.
The plaque m orphology m a rk e r  was located in re la tio n  to the ts  
m a rk e r s  using the ra tio  syn:syn+ in the ts+ progeny. F ro m  Table 21
it can be seen tha t fo r the c ro s s  t s F  x tsD, the plaque m orphology
m a rk e r  was located n e a r e r  to tsD  than tsF ,  th e re fo re  it would be to 
the righ t o r  left of tsD
F______ syn D syn
F o r  the c ro s s  t s F  k tsG  it is  n e a r e r  toG 
. F  syn G syn
F o r  the c ro s s  tsD  x tsG  it is n e a re r  tsG
. F D syn G syn
F ig u re  8.
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F o r  the c ro s s  tsG % ts i  it  is  n e a r e r  ts î
.  \    G  s y n  I  g i y n  I
F o r  the c ro s s  teC x t s J  it  is  n e a r e r  t s j
' * * ^  ^  I j
F o r  the c ro s s  t s F  x t s F  it  is  n e a r e r  tsE
/  . F  C_____ I syn J  syn E syn
In th is  way, a m ap with the o rd e r  of the m a rk e r s  as  follows was built
up:
F C P  IG A BE J syn
F ro m  Table E l, a ll  the locations would confirm  unambiguously the 
position of syn with r e s p e c t  to the ts  m a rk e r s .  Table E3 gives the 
location of syn with re s p e c t  to the ts  m a rk e r s  for a l l  the th re e - fa c to r  
c ro s s e s  which have been c a r r ie d  out. It can  be seen  tha t the m ajo r ity  
of the o rd e r in g s  w ere  in unambiguous ag reem en t with i ts  location. 
Using the above m ap, in combination with the R, F. va lues between 
m a r k e r s ,  th is  a rra n g em e n t  was re a r ra n g e d  to give the m ap p resen ted
in F igu re  8 e. g. tsD  x t s F  gave an R, F. value of 29% which was the
highest value obtained, th e re fo re  t s F  and tsD  m u st  be the fu r thes t  
a p a r t  m a rk e r s .
The m ap spans about 25-30 m ap units and the d is tan ces  a re  
reasonab ly  additive. The m utan ts  t sF ,  t s C ,  tsD  and t &G  a re  the 
lea s t  linked m a rk e r s ;  teB and tsE  a re  the c lo se s t  linked m a rk e r s ,  
having n ev er  given any recom bination  at a ll; tsI , tsA , ta J ,  tsB  and
Table 23. Location of the P laque  Morphology M arker  
With R espect fo r a ll  the T h re e -F a c to r  C ro sse s  
Which Have Been C a rr ie d  Out.
C ro ss  No. of t im e s  No. of t im es
tsX  X tsY  syn n e a r e r  t sX syn n e a r e r  tsY
A B 0 5
A C 5 1
A D 8 0
A E 0 4
A F 5 0
A G 7 0
A I 5 2
A J (3 not m easu rab le ) 1
B C 5 0
B D 3
B E (not m easu rab le )
B F 4 0
B G 4 1
B I 3 2
B J 0 4
C D 2 7
C E 1 5
G F 5 0
G G 0 7
C I 2 4
C J 0 6
D E 0 5
D F 6 0
D G 2 5
D I 1 5
D J 0 4
E F 4 0
E G 4 0
E I 4 1
E J 1 3
F G 0 6
F I î 4
F J 1 S
G I 5 0
G J 0 4
I J 0 6
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tsE  fo rm  a c lu s te r  spanning about four map units and syn is located 
e i th e r  to the right of t s J ,  between t s J  and tsG  o r  to the left, between 
t s J  and tsB . As ne ithe r  com plem ention nor recom bination  has been 
dem ons tra ted  between tsB  and tsE ,  it is  thought tha t these  a re  
m utations in the sam e c is tro n  and th e re fo re  tsE  is now given the 
notation tsBE.
E, D iscussion .
The following conclusions can be draw n f ro m  the recom bination  
expe r  im ent s i -
(1) Recom bination has been shown to occur.
(E) T rue  recom binan ts  have been shown to be produced in the 
recom bination  p ro c e ss .
(3) F igu re  8 is  proposed  as a p rov isional linkage m ap of the 
te m p e ra tu re  sensitive  m utan ts  (tsA - t s j )  of HSV Type 1.
(4) The map spans about 25-30 map units.
(5) The m utants t s F ,  tsG, tsG  and tsD  a re  the le a s t  linked, 
tsB  and tsB2 a re  the c lo se s t  and 1 ^ ,  tsA  and t s j  along with
tsB  and tsB2 fo rm  a group spanning about four m ap units . Both 
the tw o -fac to r  and th re e - fa c to r  c ro s s  da ta  would confirm  th is  
a rran g em en t.
(6) Recom bination has n ev er  been dem ons tra ted  between tsB
and tsB2 and th is  is in ag reem en t with the com plem entation  re s u l ts
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in which tsB  and tsBZ w ere  never shown to com plem ent with 
each o ther . It is thought th e re fo re  that the m utan ts  tsB  and tsB2 
w ere  caused  by m uta tions within the sam e c is tro n .
(7 ) The plaque m orphology m a rk e r  syn has been located to one 
of two s ites  e i th e r  between t s J  and tsG  o r  ts  J and tsB .
(8) Mixed ayn;ayn-t plaques appear among the progeny of 
c ro s s e s  involving these  two a lle le s .
It is  in te res tin g  to note that the m utants  t s F ,  t s i , taC , tsG , ta P  have 
a ll  been found to be DNA positive; tsA , t s j  and tsB  to be DNA 
negative and tsB2 seem s to syn thesise  a sm a ll  amount of DNA (Mechie, 
et al. , 1972).
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IV, G enetica l and P h y s ica l  A nalysis of Mixed P laq ues .
A, Introduction.
As was m entioned in R esu lts  Section 3A plaques of a m ixed 
sy n cy tia l/n o n -sy n cy tia l  c h a ra c te r  w ere  obse rv ed  on p la te s  containing 
progeny v iru s  f ro m  c ro s s e s  in which one p a re n t  was syn and the o ther  
syn-f. It ap pea red  f ro m  d i re c t  observa tion  of plaque m orphology 
that the p laques w ere  probably  not the re s u l t  of the o v e rlap  of syn 
and syn+ p laques which w ere  developing in c lose  p rox im ity . These 
mixed p laques w ere  re m in is c e n t  of the m ottled  £,/£+ plaques observed  
by H er she y and Chase (1951), in the progeny of T4 c ro s s e s  involving 
the ir and jr*{- plaque m orphology m a rk e r s .  These m ottled  plaques 
w ere  found to be produced by heterozygous phage p a r t ic le s  which a re  
involved in the recom bina tion  p ro c e ss  in the phage T4. The po ss ib ili ty  
ex isted  tha t the m ixed plaques of HSV could a lso  function in 
recom bination . F o r  th is  rea so n  a physica l and gene tica l  ana lysis  
of m ixed plaques was undertaken.
B. O ccu rren ce  of m ixed p laques .
In c ro s s e s  in which one p a re n t  was syn and the o ther  synf ,  
re g a rd le s s  of the o th er  m a r k e r s ,  e. g. ts  syn x ts  syn+, ts4  syn x ts  syn-f 
and t£+ syn x tsj- synf it  becam e apparen t that the p laques fo rm ed  by 
the progeny v iru s  w ere  not only syn and syn+ but a lso  syn / syn-f  
(Photograph 2). It appea red  th e re fo re  that m ixed p laques w ere  a
P h o t o g r a p h  2 m i x e d  p l a q u e
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g e n e ra l effect of m ixed  infections involving syn and synb. They 
w ere  a lso  a fa ir ly  constan t fea tu re  of recom bination  ex p erim en ts  and 
appeared  both am ongst the to ta l progeny and the t s f  recom binan t 
progeny. The p ro p o rtio n  among the tsj* recom binan ts  seem ed to 
v a ry  depending on the ts  m a rk e rs  taking p a r t  in the c ro s s  and in 
g en era l the p ro po rtion  in the ts-t* progeny was h igher than  in the to ta l 
progeny. V arious p o ss ib ilitie s  could account fo r the o c cu rren c e  of 
m ixed p laq u es:-
(1) O verlap  of syn p laques w ith syn f p laques.
(2) C lum ps of v iru s  p a r t ic le s .
(3) M ore than  one v ira l  capsid  w ithin the sam e envelope.
(4) The fo rm ation  of hé té rozygo tes .
E x p erim en ts  w ere  designed to a ttem pt to d is tin g u ish  betw een 
th ese  v a rio u s  p o ss ib ilitie s . One se t of ex p erim en ts  w as concerned  
w ith clum ping and try ing  to e lim in a te  clum ping of p a r t ic le s  and 
ano ther se t w as concerned  w ith genetic p red ic tio n s of seg rega tion  
fro m  clum ps and fro m  h e te ro  zygote s.
C. Investiga tion  of the p a r t  played by o v erlap  of syn and syn-f 
p laques in the p roduction  of m ixed p laques.
To d e te rm in e  what p ro p o rtio n  of these  m ixed p laques was due 
to o v erlap  of pu re  syn and pu re  syn+ p laques, m ix tu re s  of t s Xsyn and 
tsX synf e tc . in equal p ro p o rtio n s w ere assay ed  to give a wide range 
fro m  approx im ate ly  10 to 500 p laq u e s /p la te . The p ro p o rtio n  of m ixed
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p laques w as p lo tted  a s  a p e rcen tage  of the to ta l num ber. F o r  
com parison  the da ta  fro m  a ll m ixed infections w as accum ulated  and 
the p ro p o rtio n  of m ixed plaques on any one p la te  w as p lo tted  a s  a 
function of the to ta l num ber of progeny plaques on th a t p la te . Both 
se ts  of da ta  a re  shown in F ig u re  9. It can be seen fro m  the plot of 
the p ro p o rtio n  of m ixed plaques aga in st the to ta l num ber that no 
obvious p a tte rn  em erg ed . T here  appeared  to be a  wide sc a tte r  ranging 
fro m  about 50% m ixed p laques in a  to ta l of 50 p laques to 4% m ixed 
in 500 p laques. With the a r t i f ic ia l  m ix tu re  it can be seen  tha t the 
p ro p o rtio n  of m ixed plaques in c re a sed  w ith in c re a s in g  to ta l num bers 
of p laques but a t no tim e  even with about 500 p la q u e s /p la te  was it 
h igher than 4%. It would ap p ear th e re fo re  from  the da ta  th a t overlap  
p lays a  v e ry  sm a ll p a r t  in the production  of m ixed p laques. The 
p ro p o rtio n  of m ixed p laques am ongst the progeny fro m  a c ro s s  was in 
m ost c a se s  th e re fo re  m o re  than could be accounted fo r by overlap .
It should be pointed out th a t it is  u sually  quite easy  to d istingu ish  
a tru ly  m ixed plaque fro m  a plaque caused  by overlap  of syn and syn-f 
p laques. The o rien ta tio n  of the two sections of the plaque is  quite 
d iffe ren t in each  case  (Photograph 3).
D, Investigation  of the p a r t  played by v iru s  clum ps in the 
p roduction  of m ixed p laq u es.
To investiga te  the p o ss ib ility  of m ixed plaques being due to 
clum ps of p a r t ic le s  th re e  types of experim en t have been  c a r r ie d  ou t;- 
sonication , heat inactiva tion  and Ü. V, inactivation .
F ig u re  9.
Investigation  of the P a r t  P layed  by O verlap  of syn and 
syn f P laques in the P ro d u c tio n  of Mixed P laques
M ixtures of te Xsyn and taX syn f in equal p ro p o rtio n s  w ere  
assay ed  to give a wide range of p laq u e s /p la te . The p ro p o rtio n  of 
m ixed plaques w as plotted  a s  a  p e rcen tage  of the to ta l num ber. The 
data  fro m  a ll  m ixed infections w as accum ulated  and the p ro p o rtio n  of 
m ixed p laques on any one p la te  w as p lo tted  a s  a function of the to ta l 
num ber of p rogeny p laques oh th a t p la te .
P e rcen tag e  of m ixed p laques on any one p la te . #
P laques due to  overlap  of syn and syn+. O
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(1) Sonication ex p erim en ts .
T h re e -fa c to r  c ro s s e s  of the type teX syn x tsYsyn-l* w ere
* *' KWmtwK&W KAMtEbtfe «■NaWftlUrt wm
c a r r ie d  out by the standard  m ethod. A fter tw enty four hours 
incubation a t 31* the infected  c e lls  plus m edium  w ere h a rv e s te d  
and the progeny v iru s  a ssay ed  by the standard  m ethod a t 31 °C. 
The progeny v iru s  w as then  sonicated a t 60 m  a m p eres  fo r i ,
1, 2, 5, 7 and 10 m inutes in a  bath Bonicator, Sam ples w ere 
w ithdraw n a fte r  each  of th ese  tim es  and assay ed  fo r to ta l v iru s  
and the p ro p o rtio n  of m ixed plaques a t 31 ®G. Table 24 shows 
the re s u lts  of one experim en t of th is  type. The re s u lts  Indicate 
th a t excep t fo r the sligh t d e c re a se  in the p e rcen tag e  of m ixed 
p laques in the c ro s s  ts isy n  x t s G synb, th e re  was no significant 
d ifference  in  the percen tage  of m ixed plaques in the to ta l num ber 
a f te r  son ication  tre a tm e n t fo r 10 m inu tes. It would be expected 
th a t son ication  fo r th is  length  of tim e would e ffic ien tly  b re a k  up 
clum ps of p a r t ic le s  and hence the percen tage  of m ixed plaques 
would fa ll sign ifican tly . T his re su lt  would suggest th a t the 
m ixed plaques w ere  not due to clum ps of p a r t ic le s .
(2) Heat inac tiva tion .
In the h ea t inactiva tion  experim en t a m ixed infection  was 
c a r r ie d  out in the u su a l m anner. The progeny v iru s  was 
t i tra te d  and a sam ple  im m e rsed  in a w a te r bath a t 4 5 *C.
Sam ples w ere  w ithdraw n a t in te rv a ls  up to 90 m inu tes and
Table 24, Sonication E xperim en t
ts isy n  X t s O synf
ta ley n f x  t s Gsyn
Tim e of No, of syn No. of synb No. of m ixed % M ixed
sonication p laques plaques plaques p laques
0 31 160 22 10
i 80 400 54 10
1 62 220 18 6
2 55 250 21 6
5 50 226 14 6
7 ,5 50 240 16 5
10 55 300 14 4
0 206 112 22 6
i 200 120 20 6
1 205 156 20 5
2 196 132 22 6
5 111 82 ‘ 17 5
76 151 120 16 5
10 151 102 21 7
0 71 34 3 2. 8
kz 78 74 4 2 ,5
2. 5 143 180 12 3. 5
5 120 140 12 4. 4
7 95 114 15 6. 7
10 l i s 140 15 5. 5
I l l
assay ed  fo r to ta l v iru s  and fo r m ixed p laques. F ig u re  10a 
shows the inac tiva tion  cu rv es of the to ta l v iru s  and the m ixed 
p laques fro m  a m ixed infection  of ts isy n  x t s Dsyn4. The figure  
a lso  in co rp o ra te s  the expected th e o re tic a l inac tiva tion  curve 
if the m ixed plaque was caused  by a clum p of two p a r tic le s .
T his is  based  on the fac t tha t if a clum p of (x) p a r t ic le s  of type A 
and (y) p a r t ic le s  of type B is  heated  sufficien tly  to reduce  the 
population containing the clum p by a fac to r of 100, the chance 
th a t the m ixed plaque quality  of the clum p surviv ing  is  a t m ost 
(1-0, 9 9 ^ )(l-0 . 99^) which is  v e ry  m uch le s s  than  the chance (0. 01) 
th a t a given v iru s  p a r tic le  w ill su rv ive . If the clum p is m ade up 
of two p a r t ic le s  then  th is  chance is  (1-0. 9 9 ^ )(l-0 . 99^) i. e. 0. 0001. 
If the population is reduced  by a fac to r of 10 the chance of the 
m ixed plaque quality  of the  clum p surviv ing  is  (1-0. 9 )( l-0 , 9) i. e.
0. 01 (H er she y and C hase, 1951). It would ap p ea r fro m  the 
re s u lts  that the fa ll off in m ixed p laques followed fa ir ly  c lose ly  
the inac tiva tion  curve  of the to ta l v iru s  population. T his was 
a lso  seen  fo r the m ixed plaque population of o th e r m ixed infections 
(F igu re  10b), In com parison  w ith the th e o re tic a l cu rve fo r a two 
p a rtic le  clum p it is  evident tha t the m ixed p laques a re  not due 
to two p a rtic le  clum ps and in fac t the inactiva tion  cu rve  fo r the 
m ixed p laques would not fit the th e o re tic a l cu rv es  fo r clum ps of 
m o re  than  two p a r t ic le s .
F ig u re  10a.
H eat Inactivation  E x p erim en t (Mixed P laques)
A heat inactiva tion  ex p erim en t w as c a r r ie d  out a t 4 5 *C as 
d esc rib e d  (M ethods Section 11), Sam ples w ere  w ithdraw n a t 
in te rv a ls  and assay ed  by the s tandard  m ethod fo r  to ta l v iru s  and 
fo r m ixed p laques. The to ta l v iru s  and the m ixed p laques a re  
p lo tted  as log surv iv ing  frac tio n  ag a in st tim e .
T otal v iru s  # ----- —#
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Figui*e 10b.
H eat Inactivatio ii Essperim ents (Mixed P laques) 
E x p erim en ts  w ere  c a r r ie d  ont a s  fo r F ig u re  10a.
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(3) U ltra -v io le t light inactivation .
As fo r the heat inactiva tion  experim en ts m ixed  in fec tions of 
the type ta Xayn x tsY syn+ w ere c a r r ie d  out by the standard  m ethod. 
The progeny  v iru s  w as t i t ra te d  fo r to ta l v iru s  and fo r m ixed 
p laques using  the s tan d ard  a ssa y  p ro ced u re . The v iru s  w as then  
d ilu ted  1:20 (0* 1 m l: l .  9 m l) in P . B. S, A. and exposed to a 
Hanovia Ü. V. lam p (0. 5 am ps, 30 w atts) fo r tim e  in te rv a ls  fro m  
0 to 7 m inu tes a t a  d is tan ce  of 75 cm . (The v iru s  sam ple was 
exposed in a  50 cm  g la ss  p e tr i  d ish , the lid  being rem oved  during 
exposure). 0. 1 m l sam ples w ere  w ithdraw n a t in te rv a ls  and 
assay ed  fo r to ta l v iru s  and fo r m ixed p laques. F ig u re  11a shows 
the U. V. inactiva tion  curve  obtained from  progeny v iru s  fro m  the 
c ro s s  t s Dsyn x tslsyn-f. The surviving frac tio n  pbog S/So) both 
of to ta l v iru s  and m ixed p laques is  p lo tted  ag a in s t tim e of exposure . 
It can be seen  fro m  the re s u lts  th a t by 2 m inu tes th e re  w as a 1 log 
d e c re a se  in to ta l v iru s  and by 7 m inutes the t i t r e  had dropped 
2. 3 logs. The su rv iv a l cu rve  of m ixed p laques followed fa ir ly  
c lo se ly  th a t of the to ta l v iru s . By 2. 5 m ins th e re  w as a 1 log 
d e c re a se  and by 7 m ins a 1. 7 logs d e c re a se . Six Ü. V. 
inac tiva tion  ex p erim en ts  have been c a r r ie d  out using  d iffe ren t 
m u tan ts and the w ild type v iru s  (F igure  l ib ) .  The Ü. V. 
inac tiva tion  p a tte rn s  obtained w ere  v e ry  s im ila r  to th a t shown in 
d e ta il  in  F ig u re  11a. In som e c a se s  the cu rve  fo r m ixed plaques 
w as sligh tly  above th a t of to ta l v iru s  and in  o th e r c a se s  i t  was
F ig u re  l i a .
IT. V. Inactivation  E x p erim en t
A m ixed infection  of te P sy n -f ts isy n i* was c a r r ie d  out in the 
s tan d ard  way. The progeny w as d ilu ted  1:20 in P . B. S. A. and 
exposed to U. T. light fo r tim e  in te rv a ls  fro m  0-7 m inu tes, a t a  
d is tan ce  of 75 cm . Sam ples wex^e w ithdraw n a t in te rv a ls  and 
assay ed  fo r  to ta l v iru s  and fo r  m ixed p laques. The surviv ing  
frac tio n  (lx>g S/So) is  p lo tted  a g a in st tim e of exposu re .
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sligh tly  below. It w as consid ered  tha t th is  s ligh t d ifference  
was not sign ifican t and w as not m ore  than could be accounted fo r 
by ex p erim en ta l e r r o r .  It is concluded th e re fo re  tha t the fa ll off 
in m ixed p laques does not d iffe r sign ifican tly  fro m  the fa ll  off in 
to ta l v iru s  under the conditions of U. V. exposure  which w ere  used  
in  the experim en t. It would appear th e re fo re  tha t the m ixed 
p laques a re  not due to clum ps of p a r tic le s  and a lso  th a t they a re  
p robab ly  not due to two com plete nuc leo -caps ids w ithin the one 
envelope, a s  th is  would re s u lt  in a  two h it cu rve . In the 
ex p erim en ts  which have been  c a r r ie d  out, the inac tiva tion  cu rv es 
fo r m ixed p laques a t no tim e  showed a shou lder a s  would be 
expected  fo r a two h it cu rve .
It can be seen  fro m  F ig u re s  11a and b th a t a s  tim e of 
exposu re  in c re a se d , the plaque form ing ab ility  seem ed to becom e 
re la tiv e ly  re s is ta n t  to Ü. V. light. This was a constan t fea tu re  
of the ex p erim en ts  which have been c a r r ie d  out and it would suggest 
th a t m u ltip lic ity  reac tiv a tio n  m ight be taking p lace . T his is  
thought to be the re s u lt  of infection of the sam e c e ll w ith two 
inactive p a r t ic le s . The inactive p a r tic le s  a re  able to co -o p e ra te  
and produce ac tive  v iru s . This phenom enon w as f i r s t  d em o n stra ted  
by L u ria  (1947) with T4. If th is  is  happening in o u r experim en ts 
then  it would m ake the te s t  le s s  valid.
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E , F requency  of m ixed p laques as a function of m ap loca tion .
Although it appeared  fro m  F ig u re  8 tha t no p a tte rn  w as em erg ing  
when the p e rcen tag e  of m ixed p laques in any one c ro s s  w as p lo tted  
aga in st the to ta l num ber of p laques it w as thought th a t if the percen tage  
of m ixed p laques w as p lo tted  a s  a  function of the linkage m ap th a t th is  m ight 
p rovide som e fu r th e r  in fo rm ation . To do th is  a ll  the da ta  fo r any 
one c ro s s  w as accum ulated  e .g . six  tsA  x tsG  c ro s s e s .  The values 
obtained fo r m ixed p laques in the to ta l progeny fo r each  tsA  x taC 
c ro s s  w ere  then  averaged  and the average  value p lo tted  a s  a  function 
of the m ap. This w as done fo r a ll  the tsA  c ro s s e s ,  a ll  the tsB  c ro s s e s  
e tc . F ig u re  12 shows the re s u l ts  of analysing  the da ta  in th is  m anner.
The re s u lts  ind icate  a tendency fo r the p a tte rn s  to peak  around the 
reg ion  of location  of tsJ* F o r tsA , tsB , tsG , tsD , tsG  and t s i  theCv ■JUIWIHH " «townwi '  «wwm-wm .wi'mwhw v iiittii m
average  p e rcen tag e  of m ixed plaque values ranged fro m  le s s  than  5 
to 20%: fo r tsB 2 and ta J  the values ranged from  10% to 40% and fo r
ts F  fro m  le s s  than  5% to 10%. It would appear th e re fo re  fro m  th is  
p re lim in a ry  an a ly sis  th a t th e re  seem s to be a re la tio n sh ip  betw een 
the p ro p o rtio n  of m ixed p laques produced in a ts  syn x ts  syn-f c ro s s  
and the ta m utante i. e. th e ir  location re la tiv e  to syn taking p a r t  in 
the c ro s s . If tsE  and t s J  a re  involved in the c ro s s  then a h igher 
p ro p o rtio n  of m ixed p laques am ongst the progeny could be expected 
than  if e .g .  t s F  o r  tsG  w ere  involved. T sJ  and tsB 2 a re  located  
n e a re s t  to the plaque m orphology m a rk e r  and ts F  is  located  fu rth e s t a 
away.
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F . Sefîre^ation of the u n se lec ted  m a rk e r .
It has been  es tab lish ed  tha t the la rg e  p ropo rtion  of m ixed 
p laques o c cu rrin g  in the p rogeny from  m ixed in fec tions is  m ore  
than  could be accounted fo r by overlap  and it would a lso  seem  fro m  
the p re lim in a ry  te s ts  which have been c a r r ie d  out th a t the m ixed 
p laques w ere  not due to clum ps of p a r tic le s . H ow ever it did seem  
from  the accum ulated  d a ta  th a t the p ropo rtion  of m ixed  p laques was 
re la te d  to the  m utan ts tak ing  p a r t  in the c ro s s  and th a t the m utan ts 
around the location  of the plaque m orphology m a rk e r  gave h igher 
p ro p o rtio n s of m ixed p laques. It seem ed a d is tin c t p o ss ib ility  
th e re fo re  th a t h e te ro sy g o a is  w as involved in the p roduction  of m ixed 
plaques. To investiga te  th is  fu r th e r  the behaviour of the m ixed 
plaque on regrow ing  was stildied. To do th is  single non ■•‘overlapping  
m ixed p laques fro m  38* p la te s  w ere  iso la ted  into 1 m l P . B. S. A. and 
son icated  fo r app rox im ate ly  one m inute. The son icated  v iru s  was 
then  p la ted  on BHK21/C13 c e lls  and incubated a t 38® for two days.
On fixing and stain ing  the num ber of plaques w as counted and divided 
into syn, syn+ and m ixed c a te g o rie s . The re s u lts  of one experim en t 
of th is  type a re  shown in Table 25, The re s u lts  ind icate  tha t in m ost 
c a se s  the m ixed p laques when iso la ted  and regrow n se g re g a te d  into 
the p a re n ta l syn and synf  p laques and in som e c a se s  they  a lso  yielded 
a  sm a ll p ro p o rtio n  of m ixed p laques. In o th er w ords th e re  w as 
seg reg a tio n  of the u n se lec ted  m a rk e r . The ra tio  of one p a re n ta l plaque 
type to the o th e r ranged  fro m  1:1 to 10:1 but m o re  than  half gave ra tio s
Table 25. Segregation  of Mixed P laques
C ro ss  syn syn+ Mixed C ro ss  syn syn4- Mixed
i iw ii im      w w rf n in »  mammmmtmrntmm     «mmA w w w t miw»mnmmmimn
tsG  X t s j  tsE  X t s J
1 15 0 0 1 9 2 1
2 9 6 0 2 30 10 0
3 4 16 0 3 73 38 3
4 24 0 0 4 16 16
5 8 5 1 5 37 18 0
6 71 37 3 6 10 5 1
7 1 10 0 7 20 0 0
8 11 5 1 8 30 30 5
9 33 38 0 9 24 8 0
tsA  X t=J 10 9 2 0
1 9 1 4 tsG  X ts i
2 94 40 8 1 5 21 3
3 17 18 0 2 15 0 9
4 5 16 0
5 16 3 2
6 15 13 0
7 20 12 2
8 12 11 2
9 42 5 0
15
tsG  X tsE
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of not g re a te r  than  2:1. The p ro p o rtio n  of m ixed p laques in the 
seg reg an ts  w as not constan t but in m o st c a se s  w as fa ir ly  low com pared  
to the num ber of syn and syn+ p laques. T hese findings would be 
co n sis ten t w ith the m ixed p laques being caused  by the fo rm ation  of 
te m p o ra ry  heterozygotes* and the m orphology (m ixed) ind ica tes that 
a f te r  plaque in itia tio n  som e seg rega tion  has a lre ad y  o c cu rred ,
G, P ro p e r t ie s  of seg reg an ts  of m ixed p laq u es.
To ob tain  fu r th e r  in fo rm ation  about m ixed plaque fo rm e rs  and 
to t ry  to n a rro w  the p o ss ib le  c au se s , an ex p erim en t w as p e rfo rm ed  
to d istin g u ish  betw een two g e n e ra l p o ss ib il i tie s :-  (1) The s tru c tu re  
form ing m ixed p laques w ere  com plete ly  heterozygous i. e. w ere  not 
only syn / syn-t- but a lso  X /X 4, Y/Y4, Z /Z-t e tc . fo r any o th er p a irs  
of m a rk e rs  in the c ro s s .  This type of s tru c tu re  would be consonant 
w ith c lum ps, two o r  m o re  capsids o r  com plete d ip lo ids. (2) S tru c tu re s  
form ing m ixed p laques w ere  p a rtia lly  heterozygous e. g. he terozygous 
fo r syn / syn+ but hom ozygous fo r o th er m a rk e rs  e. g. X, Y, Z.
This in fo rm ation  can be obtained fro m  a c ro s s  of the  type 
ts-t syn X ts  synf .  A ccording to p o ss ib ility  (1) it would be expected 
tha t sogregaM s fro m  m ixed p laques p roduced a t the n o n -p e rm iss iv e  
te m p e ra tu re  would be p redom inan tly  t s f  syn and ts^ sy n f and when 
the seg reg an ts  a re  p la ted  a t 31* and 38*, 100% w ill p la te  a t 31* and 
approx im ate ly  50% a t 38®C, However fitom p o ss ib ility  (2) i t  m ight 
be expected th a t so g re gants would be e ith e r  t s f  syn and ts4- ayn+ o r
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ta  8yn and ta  ayn+, which when rep la ted  a t 31® and 38® would give 
100:100 31:38 and 100:0 31:38 resp ec tiv e ly .
The schem e of the ex p erim en t is  outlined below
ts4  syn X ta  aynf
4
P ro g en y  t i t r a te d  a t 31®
4/
Single m ixed plaques iso la ted  
and rep la te d  a t 31®
\l/
Segregan ts
syn syn+
31® 38® 31® 38®
The p o ss ib le  m a rk e r  a rra n g em e n ts  which could fo rm  m ixed p laques a re :
(1)
s y n
X s y n -h
(2a)
(2b) X
syn f + syn
syn+ J + syn
j X syni*
\ X  syn+
syn Si* syn
syn-t" 7 i* syni*
syn _(x syn
syni* /X syni*
The re s u lts  of one experim en t of th is  type a re  shown in Table 26.
It can be seen  fro m  the re s u l ts  th a t fo r the c ro s s e s  t s i - syn x ts iay n i- 
and ts+ syn+ x t s A syn, the g re a t m a jo rity  of the seg reg an ts  from  
m ixed p laques w hether syn o r  syn4 behaved as ^ i .  e. they only grew  
a t the p e rm iss iv e  te m p e ra tu re . F o r  the c ro s s e s  ts-t syn+ x tsG syn  (1) 
and t s f  syni- x  tsD syn  m o st of the seg regan ts  both syn and syn+ 
behaved a s  wild type i. e. they  grew  a t both the p e rm iss iv e  and
Table 26. B ehaviour of S egregants of Mixed P laq u es
C ro ss P laque No. fro m  31®
No. of P laq u es 
a t 38®
No. of P laques 
at 31®
tei*syn x tsisyn-f
ts+ syn ix  t s Gsyn ( 1 )
tsHhsyn+x tsG syn (2)
1 syn
2
3
4
5
6 syni*
7
8 
9
10
1 syn
2
3
4
5
6 syni*
7
8 
9
10
1 syn
2
3
4
5
6 syni*
7 "
8 
9
10
0
0
0
0
0
28
0
53
0
0
0
200
12
28
71
>1000
>1000
280
21
110
0
0
0
0
0
120
> 1000
280
>1000
400
12
46
19
167
6
180
178
280
198
>1000
0
460
15 
46 
143
>1000
>1000
360
16 
140
1
6
13
14 
12
300
>1000
>1000
>1000
640
tsi*syn+x tsD syn 1 syn
2 "
3
4
5
6
7
8 
9
10
syni*
42
0
70
24
86
>1000
134
235
0
0
82
53
160
120
120
>1000
480
640
>1000
>1000
Table 26 contd.
C ro ss iue No. fro m  31®
No. of P laques 
a t 38®
No. of P laq u es 
a t 31®
t s f  syn+ X t s A syn
tsi*syni* X ts i*syn
1 syn 0 15
2 0 32
3 25 36
4 0 36
5 0 4
6 0 0
7 0 1
8 0 50
9 0 90
10 0 21
11 syni- 0 >1000
12 " 0 280
13 0 5
14 0 130
15 0 240
16 0 >1000
17 0 >1000
18 0 >1000
19 0 >1000
20 0 >1000
1 syn 57 36
2 ~ >1000 >1000
3 >1000 >1000
4 20 7
5 87 77
6 4 0
7 10 3
8 40 30
9 2 0
10 syni* 400 200
11 " 30 28
12 20 0
13 320 150
14 >1000 >1000
15 960 400
16 96 48
17 6 4
18 17 8
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non-p e rm iss iv e  te m p e ra tu re s . F o r the c ro s s  ts i* syni- x t s Gsyn (2)
a ll the syn-h seg reg an ts  behaved, a s  wild type and a ll  the  syn seg reg an ts  
behaved as ts  although th is  is  possib ly  due to the low plaque counts 
a t the p e rm iss iv e  te m p e ra tu re . It is  a lso  p oss ib le  th a t it  is due to 
plaque o v e rlap , double he te rozygo tes o r  double nuc leocapsid s. When 
the v iru s  grew  a t both te m p e ra tu re s  the am ount of grow th d isp layed 
a t 38® w as u sua lly  sligh tly  le s s  than  the  grow th a t 31®. F ro m  the 
co n tro l t s i* syni* x ts+  syn it  can be seen  th a t th is  would ap p ear to be 
the n o rm a l behaviour of w ild type p a r tic le s  in  such an  experim en t.
F ro m  th ese  p re lim in a ry  ex p erim en ts  it would ap p ea r tha t the seg reg an ts  
fro m  m ixed p laques behave predom inan tly  as hom ozygotes fo r unse lec ted  
a lle le s .
H. D iscussion .
F ro m  a p re lim in a ry  a n a ly s is  of the n a tu re  of m ixed plaques it 
can foe concluded th a t;-
(1) Mixed p laques a re  fo rm ed  as a  g en e ra l e ffec t of m ixed infections.
(2) The p ro p o rtio n  of m ixed plaques am ongst the p rogeny fro m  
any one c ro s s  w as in m o st c a se s  m o re  than  could be accounted 
fo r by the o v e rlap  of syn and syni* p laques.
(3) F ro m  heat inactiva tion , sonication  and IT. V. inactiva tion  
ex p erim e n ts , the m ixed p laques would ap p ear not to be 
p redom inan tly  due to clum ps of p a r t ic le s  o r  to m o re  than  one 
nucleocapsid  w ithin a  single envelope.
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(4) T here  seem s to be a re la tio n sh ip  betw een the  p ropo rtion  
of m ixed plaques p roduced in a c ro s s  and the location  of the 
m utan ts (with re s p e c t to the plaque m orphology m a rk e r)  taking 
p a r t  in the cross*
(5) In m o st c a se s  the m ixed p laques seg reg a te  into the p a re n ta l 
types and in som e c a se s  y ielded a sm a ll p ro p o rtio n  of m ixed 
p laques,
(6) The seg reg an ts  fro m  m ixed plaques behave in m o st c ase s  
te s te d  a s  hom ozygous fo r unse lec ted  a lle le s .
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DISCUSSION.
T his investiga tion  has prov ided  the f i r s t  study in depth  of the 
genom e constitu tion  and of the genetic m echan ism s th a t c h a ra c te r is e  
H erpes sim plex  v iru s  Type 1. Nine tem p e ra tu re  sen sitiv e  m utan ts 
(iso la ted  by P ro fe s s o r  J . H. Subak-Sharpe), have been  c la ss if ie d  
into eight com plem entation  groups. B ased  on a calcu la tion  fro m  the 
P o isso n  d is trib u tio n , th is  would suggest th a t the genom e of HSV 
contains o v er th ir ty  c is tro n s  with 38® ind ispensab le  functions, (Due 
to the sm a ll num ber of m u tan ts , th is  is  no m o re  than  suggestive 
a t p re se n t) . It has been  shown tha t recom bination  o c cu rs  in m ixed 
infections of HSV confirm ing  the e a r l ie r  investiga tions of Wildy (1955). 
B ecause of the  re v e rs io n  of syn to syn+, th re e - fa c to r  c ro s s e s  becam e 
p o ss ib le . F ro m  each  ts  syn m utant ts  synf  w as iso la ted  and 
re c ip ro c a l th re e - fa c to r  c ro s s e s  of the type t s Xsyn x t s Ysynf  and 
t s X syni- X  t s Ysyn w ere  p e rfo rm ed . The nine ts  m u tan ts and the 
plaque m orphology m a rk e r  have been c ro sse d  in a ll  com binations and 
reasonab ly  co n sis ten t re la tiv e  recom bination  freq u en c ies  have been 
obtained. The co n stru c tio n  of a  p ro v is io n a l linkage m ap has been 
p e rm itte d  using  quan tita tive  c ro ss in g  techniques.
The nine ts  m u tan ts w ere  iso la ted  following BUdR m u tagenesis  
and the m ethod of iso la tio n  avoided the p o ss ib ility  of any of the 
m utan ts being c lonally  re la te d  - a fact which g ives sign ificance  to 
the re s u l ts .  M utation using  BUdR would suggest th a t the m utations 
a re  m ost like ly  to be tra n s it io n s . The am ount of back  m utation
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shown by each  of the m utan ts a t v a rio u s t im e s , would suggest th a t 
they a re  a ll  single b ase  change m utan ts. One d raw back  to the fac t 
tha t the m utan ts appeared  to be single step  was the am ount of leak in ess  
d em o n stra ted  by c e r ta in  of the m utants# The m utan ts ts F  and tsG  
w ere the only two w hich w ere  consisten tly  leaky* A ccum ulation of 
ro v e r  tan t 8 w as overcom e by frequen t iso la tion  and cloning of single 
plaque stocks but th is  had no effect on leak in ess . How ever p laques 
due to leak in ess  could alw ays be identified  by th e ir  sm a ll size  at 
the n o n -p e rm iss iv e  te m p e ra tu re  com pared  to the equivalent p laques 
at the p e rm iss iv e  te m p e ra tu re .
Glasgow s tra in  17 w as se lec ted  a s  the p a re n ta l s tra in  of the te  
m utan ts a s  it gave the p o ten tia l of in troducing ano ther m a rk e r  into 
the sy stem  i. e. the plaque m orphology m a rk e r . The o rig in a l pa tien t 
iso la te  fo rm ed  syn+ (non-syncytia l) p laques on BHK21/C13 c e lls .
This spontaneously  m utated  to fo rm  syn (syncytial) p laques and it 
w as stocks of syn v iru s  w hich w ere  m utagenised . The syn m a rk e r  
b reed s  tru e  except fo r  r a r e  back m utation  which o c c u rs  w ith a  frequency  
of about 10*^. When it o c cu rs  the re su lta n t syn+ re v e r ta n t is  a t 
a se lec tive  advantage and, if allow ed to , builds up to fo rm  a la rg e  
p ropo rtion  of a stock , if it is  su ccess iv e ly  p assag ed  using  la rg e  
inocula fo r infection. Again th is  can be overcom e by cloning fro m  
single plaque stocks. Both the m a rk e rs  pyn and syn+ a re  stab le  
a t 31°, 36° and 38°G, i . e .  the plaque m orphology m a rk e r  is  independent 
of the te m p e ra tu re  of incubation and it can be concluded th e re fo re  tha t
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the gene coding fo r the plaque m orphology m a rk e r  is  independent 
of those  involved w ith te m p e ra tu re  sen sitiv ity  of the m utan ts. The 
fac to r which cau ses  the d ifference  in plaque m orphology is not known.
The syn v a ria n t fo rm s syncy tia l p laques caused  by the fusion of one 
in fected  c e ll  w ith the surround ing  non-in fec ted  c e lls  to fo rm  giant 
m u ltinuclea te  fused  c e lls . It is  assum ed  th a t the v iru s  codes e ith e r  
d ire c tly  o r  in d ire c tly  fo r a  p ro te in  which cau ses  fusion  of c e ll 
m em branes and hence allow s passag e  of v iru s  fro m  c e ll to c e ll w ithout 
re le a s e  into the e x tra c e llu la r  fluid. W hether fusion is  a p re re q u is ite  
of v iru s  m obility  o r  the  re s u lt  of c e ll to c e ll p assag e  is a  m a tte r  of 
co n jec tu re . The synf  v a ria n t p resum ab ly  lacks o r is  a lte re d  in the 
gene which cau se s  c e ll  fusion and hence v iru s  infection  re s u lts  in the 
death  of the c e ll  w ith the re le a s e  of v iru s  capable of infecting surrounding 
ce lls . The type of lesion  caused  in vivo w ith HSV Type 1 would suggest 
tha t syn m ay be the tru e  wild type, a s  the lesions ap p ear to be caused  
by c e ll to c e ll  sp read  of v iru s  w ithout e x tra c e llu la r  re le a s e .
The o n e -s tep  grow th cu rv es of Glasgow s tra in  17 and its  te  m utan ts 
show s im ila r  p a tte rn s  to those observed  w ith o th e r s tra in s  of HSV 
Type 1. The wild type v iru s  grow s equally  w ell a t a ll  th ree  
te m p e ra tu re s  i . e .  31®, 36° and 38®C w hereas the ta  m utan ts show a 
considerab ly  reduced  ra te  of grow th a t 36® and 30°. At 31® the ts  
m utan ts appear to rep lica te  m ore  slowly than the w ild type v iru s .
T his ob serv a tio n  is s im ila r  to th a t observed  w ith HSV Type 2 w here 
it has a lso  been shown th a t the m utante rep lica te  m ore  slowly
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than the w ild type v iru s  a t the p e rm iss iv e  te m p e ra tu re  (H alliburton,
1972). At p re se n t th is  is  an unexplained phenom enon which w a rra n ts  
fu rth e r  study. The grow th p a tte rn s  observed  w ith the Type 1 m utan ts 
a re  in good ag reem en t w ith the e. o. p. te s ts .  The cu rv es  show 
m arked  s im ila r ity  to those o bserved  with the wild type v iru s  and ts  
m utan ts of F ro g  v iru s  3 (FV /3) (Naegele and G ranoff, 1971). The 
grow th p a tte rn s  of six  BUdR iso la ted  ts  m utan ts of F V /3  w ere  com pared  
to those of the wild type v iru s  and it was shown tha t the wild type 
v iru s  grew  equally  w ell a t both the p e rm iss iv e  and n o n -p e rm iss iv e  
te m p e ra tu re s  - the f i r s t  in fectious v iru s  appearing  a t 4 h rs  and 
in c reas in g  to 24 h r s  post infection. The ts  m u tan ts on the o th er hand 
w ere  shown to rep lica te  m ore  slowly than  the wild type but the final 
y ie lds w ere  e sse n tia lly  the sam e. The y ie lds of the m utan ts at the 
n o n -p e rm iss iv e  te m p e ra tu re  ranged  fro m  0. 4 -3 , 6% of the y ie lds 
produced  at the p e rm iss iv e  te m p e ra tu re ,
The heat s tab ility  of t h e ^  m utan ts w as exam ined to a sc e r ta in  
w hether the te m p e ra tu re  sen sitiv ity  of these  m utan ts a ro se  fro m  an 
a lte ra tio n  in a s tru c tu ra l  p ro te in  a sso c ia ted  w ith v iru s  inf activ ity . 
E x p erim en ts  w ere  c a r r ie d  out at two te m p e ra tu re s  45® and 55®,
The re s u lts  ind icated  tha t a t th ese  two te m p e ra tu re s , the ts  m utan ts 
w ere  n e ith e r  m o re  hea t stab le  no r heat lab ile  than  the w ild tyjpe v iru s . 
The da ta  suggested  th e re fo re  tha t if one of the ^  m utan ts contained 
an a lte re d  s tru c tu ra l  p ro te in  it w as not m an ifested  by in c re a se d  
heat sen sitiv ity . H eat inactiva tion  stud ies with t s  m utan ts of V accinia
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v im s  (B aeilico  and Joklik , 1968), showed tha t of two ts  m utan ts 
which gave s im ila r  grow th p a tte rn s , one showed 0. 1% su rv iv a l a fte r  
90 m ins at 54® and the o th e r  p a ra lle led  the w ild type in giving 10% 
su rv iv a l under id en tica l conditions. E x p erim en ts  w ith F V /3  showed 
tha t the inac tiva tion  ra te s  (1% su rv iv a l a f te r  6 m ins) of l l j ^  m utants 
and the p a re n t s tra in  a t 52 °C w ere the sam e (N aegele and G ranoff,
1971). Takem oto and M artin  (1970), working with a  la rg e  plaque 
v a ria n t of SV40 (SV L) which w as shown to be te m p e ra tu re  sen sitiv e , 
com pared  its  th erm o  lab ility  a t 50 ®C with tha t of (SV»S), a  sm all 
plaque v a ria n t which w as not te m p e ra tu re  sen sitiv e . The SV-S 
s tra in  was shown to be com plete ly  stab le  a f te r  two hours at 50°, 
w hereas the SV -E  s tra in  gave 0. 001% su rv iva l under id en tica l conditions. 
W orking w ith Sindbis v iru s  (Pfeffei’korn  and B urge, 1967) showed
that of se v e ra l t s  m u tan ts te s te d  fo r th e rm o lab ility , those  which w ere  
RNA-ve w ere  sligh tly  le s s  hea t stab le  than the w ild type and the 
m a jo rity  of the RNA 4ve m utan ts w ere  m o re  h ea t lab ile  than the 
RNA -ve m u tan ts . Although ou r HSV ts  m utan ts have been  divided 
into those  which m ake DNA and those  which do not (M echie e t al. ,
1972), th is  d iv ision  has not been shown to c a r ry  o v e r into th e ir
th erm o  sen sitiv ity . P e rh a p s  the m o st ex tensive w ork on th erm o  sen sitiv ity  
of ta  m u tan ts of an im al v iru se s  is  th a t of McCahon and C ooper (1969) 
on P o lio  v iru s . They showed th a t 10 out of 29 ts^ m u tan ts of Po lio  
v iru s  lo s t in fec tiv ity  m o re  rap id ly  a t 4 5 ®C than did the  w ild type v iru s  
and they th e re fo re  concluded th a t th ese  10 m utan ts had s tru c tu ra l
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p ro te in  d e fec ts . In addition, th is  d iv ision  into s tru c tu ra l  and 
n o n -s tru c tu ra l p ro te in  defec tives acco rded  v e ry  c lo se ly  w ith th e ir  
position  on the  genetic m ap enabling the reg ion  of the genetic m ap 
specifying s tru c tu ra l  p ro te in s  to be defined. It is  hoped tha t with 
the iso la tion  of m o re  m utan ts of HSV th a t som e w ill be found which 
a re  m ore  heat sen sitiv e  than the wild type and it m ay w ell be poss ib le  
to p a ra lle l  the w ork w ith Po lio  v iru s  and a ss ig n  those  concerned  
w ith s tru c tu ra l  p ro te in s  to one specific  reg ion  of the genetic  m ap.
The one obvious draw back  to fu lfilling  th is  p ro p o sa l is  the  size  of 
the genom e of HSV (100 x 10^ daltons) com pared  to th a t of Polio  
v iru s  (2. 2 x 10^ daltons). The DNA of HSV could th e re fo re  code 
fo r about 100 averaged  sized  p ro te in s  w h ereas the  RNA of polio v iru s  
has the coding capac ity  fo r about 10 such p ro te in s .
The re s u lts  of com plem entation  te s ts  suggested  th a t the 
te m p e ra tu re  sen sitiv e  de fec ts  in  m o st of the m u tan ts , w ith the exception 
of tsB  and tsB 2, affected  d iffe ren t c is tro n s . T his conclusion  tha t 
the m utan ts iden tified  d iffe ren t genes w as g en e ra lly  supported  by 
the recom bina tion  data .
Two types of com plem entation  te s t  w ere  u sed  to a ss ig n  m uta tions 
to specific  genes. The re s u lts  of the m o re  s tan d ard  y ield  te s t  
c o rre la te d  reaso n ab ly  w ell w ith those of the in fectious c en tre  assay .
It w as fe lt th a t the u se  of the two types of te s t  gave w eight to our 
conclusions. It is  tru e  th a t recom binan ts a r is in g  in a  m ixedly  
infected  c e ll could con tribu te  to the fo rm ation  of an in fec tious c en tre
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plaque a t the n o n -p e rm iss iv e  te m p e ra tu re . How ever the te s t  is  
quite unam biguous u n le ss  recom bination  in the absence  of 
com plem entation  o c c u rre d  with com parab le  frequency . We have 
shown th a t the p a r t  played by recom bination  in com plem enta tion  te s ts  
is  on average  v e ry  sm a ll and in m ost c a se s  th e re  w as no evidence 
of recom bination  taking p lace  a t a ll. It is  suggested  th a t w here 
th e re  w as evidence of w ild type p a r tic le s  o ccu rrin g  in the y ie ld  fro m  
m ixed in fections a t the n o n -p e rm iss iv e  te m p e ra tu re , th a t the leve l 
was g rea tly  influenced by the background grow th (38°) of the individual 
m utan ts. When m o re  m u tan ts  in the sam e c is tro n  a re  availab le  
the p a r t  played by recom bination  w ill be m ore  c r i t ic a lly  te s ta b le .
The only te s t  th a t has so fa r  been possib le  (between tsB  and tsB2) 
has been e n tire ly  negative . The infectious c en tre  te s t  has p roven 
itse lf  to be a reaso n ab ly  re liab le  m ethod and in  fac t w ithout th is  
m ethod, com plem enta tion  assig n m en ts  in  HSV Type 2 could not have 
been m ade (T im bury , 1972). Some v a ria b ility  in com plem entation  
ind ices fro m  d iffe ren t ex p erim en ts  w ith the sam e p a ir  of m utan ts 
has been o b se rv ed . Owing to the fact tha t we havé had two types 
of te s t  ava ilab le , th is  has not led to p ro b lem s in c la ss if ic a tio n  
and has not a lte re d  o r  affected  ou r conclusions about the a ssig n m en ts  
of m utan ts to c is tro n s .
The com plem entation  ind ices w ere  low er than those  obtained 
w ith som e v iru se s  e. g. VSV (P rin g le , 1970; I97 Î) and Adeno v iru s  
5 (W illiam s, 1971) but w ere  h igher than those re p o rte d  w ith m ost
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o th er v iru se s . The effic iency  of com plem entation  w as about 20% 
which is  h igher than  th a t obtained w ith m ost o th er v iru se s . C om paring 
ou r re s u lts  in  d e ta il w ith those of com plem entation  te s ts  involving 
o th e r v iru s e s ;-  (a) The d eg ree  of com plem entation  found betw een a 
la rg e  num ber of m utan ts of Po lio  v iru s  w as v e ry  sm a ll. One 
p a ir  of m u tan ts w as studied in som e d e ta il and although it was shown 
tha t com plem entation  o c c u rre d  up to 14 tim e s  the background leak  
ra te , the effic iency  w as found to be 0* 1% fo r the t s i* y ie ld s . The 
com plem entation  te s t  th e re fo re  p roved to be of no value in dem onstra ting  
c is tro n  groups in  Po lio  v iru s  (Cooper* 1%5), (b) With Sindbis v iru s
the y ield  fro m  m ixed in fections a t the n o n -p e rm iss iv e  te m p e ra tu re  
exceeded the y ie lds fro m  the two p a re n ts  grown se p a ra te ly , by a 
fac to r of 3-300, although the effic iency  w as quite low at 1-3% of the 
y ield  of the p a re n ta l v iru s  a t the p e rm iss iv e  te m p e ra tu re . The 
effic iency  w as found not to be affected  by the m u ltip lic ity  of infection 
w ithin the lim its  of 2-20 p. f. u. /c e l l  (Burge and P fe ffe rk o rn , 1966;
19(8). With HSV Type 1 we have found th a t the lev e l of com plem entation  
is  not changed by a  2 -fo ld  in c re a se  in to ta l m . o. i, (5-10 p. £. u. /ce ll) .
(c) In m ixed in fec tions of ts  m u tan ts  of Influenza v iru s  at the r e s tr ic tiv e  
te m p e ra tu re , the y ield  w as about 30-fold over th a t of the single 
p a re n t co n tro ls , although 25% of the 30-fold in c re a se  w as found to 
be wild type (Sim pson and H irs t , 1968). (d) C om plem entation  yield
ex p erim en ts  involving six  ^  m utan ts of Group 1 and six  of Group 4 
of VSV gave com plem entation  ind ices ranging fro m  28-912, The
128,
effic iency of com plem enta tion  w ith VSV w as found in g e n e ra l to he 
fa ir ly  high (P rin g le , 1970). (e) With Rabbitpox v iru s , com plem entation
te s ts  involving 1 8 m u tan ts , gave y ield  in c re a se s  of 5-10 fold over 
tha t of single p a re n t in fections (Padgett and T om kins, 1968).
(f) P a irw ise  c ro s s e s  involving 6 ts  m utan ts of F V /3  gave com plem entation  
ind ices ranging  fro m  9*^126 (Naegele and Granoff, 197 1). (g) With
Adeno v iru s  5, the y ie lds from  m ixed infections a t the n o n -p e rm iss iv e  
te m p e ra tu re  ranged  fro m  a six  fold in c re a se  o v er single p a re n t 
infections to a 1. 1 x  10^ fold in c re a se  (W illiam s and U stace leb i, 1971).
It would ap p ear th e re fo re  tha t th e re  a re  co n sid erab le  d iffe ren ces  
in the lev e ls  and effic iency  of com plem entation  w ith d iffe ren t v iru s  
groups and a lso  w ithin g roups. T here  does not seem  to be any 
c o rre la tio n  betw een effic iency and the nucleic  acid  type of the v iru s  
i. e. DNA v iru se s  do not ap p ear to com plem ent m o re  effic ien tly  than  
RNA v iru se s  o r  v ice  v e rs a . It a lso  does not seem  to be con tro lled  
by the size  of the genetic  m a te r ia l. C om plem entation  ind ices obtained 
with adenov irus 5 whose DNA has a  m o lecu la r w eight of 23 x 10^ 
daltons, a re  h igher than those obtained w ith HSV Type 1 with a DNA 
m o lecu la r weight of 105 x 10^ daltons. W ithin the H erpes group 
the com plem entation  ind ices obtained with HSV Type 2 m utan ts a re  
low er than those  obtained with Type 1, In fac t com plem entation  is  
not dem o n strab le  w ith Type 2 v iru s  using the s tan d ard  y ie ld  experim en t 
but only becom es ap p aren t in an infectious c e n tre  a s sa y  (T im bury,
1971). It is  p o ssib le  th a t a t le a s t  fo r v iru se s  m ultip ly ing  in the c e ll
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nucleus tha t the av erag e  y ield  of v iru s  (b u rst size) m ay play a 
co n sid erab le  p a r t  in  the lev e ls  of com plem entation  obtained. This 
is  borne out by the av erag e  y ie ld s of VSV and A denovirus 5 which 
a re  about 10-100 tim e s  h igher than fo r HSV Type 1 (100 p. f . u. /c e ll) . 
Substance is  a lso  given to th is  th eo ry  by the fac t th a t HSV Type 2 
has a  low er av e rag e  y ield  (10 p. f. u. /c e ll)  than  HSV Type 1.
W ith com plem entation  te s ts  of HSV Type 1 the only p rob lem  
which h as  a r is e n  has been  the v a ria b ility  o bserved  fro m  one se t of 
ex p erim en ts  to ano ther. (T his has a lso  been o b se rv ed  in the 
recom bination  stud ies and w ill be d iscu ssed  in that section).
T here  a re  s t i l l  som e ex p erim en ts  which if  c a r r ie d  out would 
give a m o re  com prehensive  p ic tu re  of the p ro c e ss  of com plem entation  
betw een ts  m utan ts of HSV Type 1. It would be in te re s tin g  to study 
fu r th e r :-  (1) The rea so n s  fo r com plem entation  betw een two m utan ts 
o ccu rrin g  a t 36° but not a t 38°, as w as observed  in the  c ro s s  
tsA  X  ts  J  and on c e r ta in  occasions betw een tsA  x tsE . (2) The effect 
of m . o. i. on com plem entation  ind ices e sp ec ia lly  betw een DNA -fve 
and DNA -ve m utan ts. W ork on Sindbis v iru s  has shown th a t a lte rin g  
the m . o. X. with two RNA +ve m utan ts had lit t le  e ffect on the 
effic iency  of com plem entation  but when one p a re n t w as RNA -v e , 
in c reas in g  the m . o. i. of both p a re n ts  w as found to in c re a se  the 
effic iency  of com plem entation  (Burge and P fe ffe rk o rn , 1968).
(3) The genotypes and phenotypes produced in com plem entation  y ield  a 
It is Imown th a t in m ost c a se s  no wild type recom binan ts  a re  produced
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i. e. the y ie ld  is  100% m utan t but it is  not known w hether the y ield  
contains both m utan ts and if both a re  produced w hether they  a re  in 
equal p ro p o rtio n s . Infectious c en tre  a ssa y s  w ith one Jjs m utant syn 
and the o th er synt  have shown tha t both genotypes a re  functioning 
w ithin the sam e infected  c e ll  in th a t infectious c e n tre  p laques a re  
of a m ixed m orphology, i. e. p a rtia lly  syncytia l and p a rtia lly  
n on -syncy tia l. To co n firm  th is  in y ield  ex p erim en ts  it would be 
n e c e ssa ry  to do (a) back  c ro s s e s  with each  of the two p a re n ta l v iru se s  
o r  (b) to look a t the DNA phenotype of the progeny v iru s  when m ixed 
infections w ere  betw een DNA +ve and DNA -ve  m u tan ts  o r  (c) 
com plem entation  te s ts  w ith the p a re n ta l s tra in s . (4) The k in e tics  
of com plem entation  in te rm s  of the tim e of re le a s e  of p rogeny fro m  a 
m ixed infection  a t the n o n -p e rm iss iv e  te m p e ra tu re . This has been 
done with t s 4 progeny fro m  a m ixed infection at the p e rm iss iv e  
te m p e ra tu re  and w as found to p a ra lle l  the tim e co u rse  of grow th of 
single m utan ts. T here  is no rea so n  to suppose tha t the re le a s e  of 
v iru s  a t the n o n -p e rm iss iv e  te m p e ra tu re  should follow any d iffe ren t 
k in e tic s , if both m utan ts a re  com plem enting. (5) To im prove 
com plem entation  ind ices by obtaining good stocks w ith low 
backgrounds a t the n o n -p e rm iss iv e  te m p e ra tu re . P e rh a p s  m o re  
im portan t than  any of the above, would be the e s tab lish m en t of a  spot 
te s t  to a sc e r ta in  qua lita tive ly  w hether o r not com plem entation  is 
taking p lace betw een two m utan ts. This w ill becom e in c reas in g ly  
im portan t w ith the iso la tion  of new m utan ts. The p o ss ib ility  of
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developing such a  te s t  seem s feasib le .
A p ro v is io n a l linkage m ap of HSV Type 1 has been co n stru c ted  
using  quan tita tive  c ro ss in g  techn iques. The fac t th a t the g re a t 
m a jo rity  of putative ts4  recom binan ts b red  tru e  on progeny tes tin g  
and w ere  th e re fo re  tru e  recom binan ts  ju stified  ou r quan titative  m easu rem en t 
of recom bination . The recom bination  freq u en cies  w ere  calcu la ted  
as tw ice the frequency  of the ts+  recom binant c la s s  on the assum ption  
tha t the taX tsY  re c ip ro c a l recom binan t is  produced  w ith equal frequency. 
R esu lts  in c ro s s e s  of the  type t s Xaynf  x ts+ syn have shown th a t a ll  
four expected  genotypes a re  p re se n t in the re su ltin g  progeny but we 
have not a ttem pted  to identify  double recom binan ts  in the progeny 
from  tsX  X tsY  c ro s s e s . The re s u lts  of se v e ra l s e r ie s  of 
th re e - fa c to r  c ro s s e s  have shown tha t although infection  is  w ith a 
th e o re tic a l av erag e  of 5 p. f, u. /c e l l  of both tsX  and tsY . m any 
individual c ro s s e s  did not y ield  equal freq u en cies  of syn and syn+ 
m a rk e rs  in the  p rogeny when assay ed  a t the p e rm iss iv e  te m p e ra tu re .
T his could be due to the fac t that:* (1) one m utant genom e su p p re sse s  
the rep lica tio n  of the o th er o r  (2)  one m u ta n t's  genom e outgrow s the 
o th e r o r  (3) the input 5 p. f. u . /c e ll ,  while re p re se n tin g  the m ultip lic ity  
of exposure  to infection by fully infectious p a r t ic le s  does not m ea su re  
the num ber of genom es o r  genes copies which e n te r  each  c e ll and 
p a rtic ip a te  in the subsequent genetic even ts. The num ber could w ell 
be co n sid erab ly  h ig h er and m o reo v e r v a ry  w ith the m utan t stock  used  
and its  age.
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P o ss ib ility  one is  ru led  out by the fac t th a t a t d iffe ren t time© 
e ith e r  syn o r  syn4- have been found to be in ex cess  in the progeny 
fro m  the sam e c ro s s . P o ss ib ility  two a lso  seem s to be unlikely  
a s  the grow th p a tte rn s  of m ost of the m utan ts a t the p e rm iss iv e  
te m p e ra tu re s  a re  s im ila r . The exceptions to th is  a re  the m utan ts 
tsA  and t s j  which a re  known to grow m ore  slowly than  the o ther 
m utan ts. However it is  by no m eans only o r  co n sis ten tly  c ro s s e s  
involving th ese  two m utan ts w hich show the syn* syni- inequality  in 
the progeny v iru s . We would suggest that the th ird  p o ss ib ility  is  
the m ost like ly  explanation  since it is  loiown th a t the E . M. p a r t ic le /p . f. u. 
ra tio s  in H erpes stocks can  range w idely. In our la b o ra to ry  ve ry  
good stocks w ith ra tio s  of 5 o r  le s s  a re  obtained, but p o o re r  stocks 
with ra tio s  of 20 o r  even occasiona lly  100 a re  a lso  obtained. It is  
not known how th is  ra tio  influences the recom bination  p ro c e s s , but 
if som e non-in fec tious p a r t ic le s  can p a rtic ip a te  in even ts leading to 
recom binan ts  then  unequal input of non infectious p a r t ic le s  but equal 
input of infectious p a r t ic le s  would re s u lt  in unequal ra tio s  of m a rk e rs  
in the in fec tious progeny. Obviously th is  could a ffec t the observed  
recom bina tion  freq u en c ies  and we would suggest th a t v a ria tio n  in 
recom bination  freq u en c ies  and in com plem entation  ind ices fro m  one se t 
of ex p erim en ts  to ano ther could w ell be influenced by the p a rtic le rp . f. u. 
ra tio  of the stocks being u sed  and the p ropo rtion  of non-in fec tious 
p a r t ic le s  taking p a r t  in the p ro c e ss . It is  not suggested  tha t th is  is 
the only fac to r  which cau ses  v a ria tion . It is  obvious that topography
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and the physio log ical s ta te  of the c e lls  a t any one tim e  p lays a 
considerab le  p a r t  in causing  v a ria tio n .
F o r  the p re se n t th e re fo re  the only in -b u ilt c o n tro l in the 
recom bination  sy s tem  is  to  m onito r the ra tio  of synzsy n t in the to ta l 
progeny a t 31°. If the  p a re n ta l m a rk e rs  a re  found in a 1:1 ra tio  
then  th is is  probably  a good ind ication  tha t the num ber of p a r tn e rs  
in the m ating pool w ere  about equal. On the assum ption  th a t the 
m ating k in e tics  of HSV Type 1 a re  approxim ated  by the V iscon ti-D elb ruck  
theo ry  it  is  to be expected th a t only those c ro s s e s  having a n ea r 
1:1 m a rk e r  ra tio  in the progeny would be com parab le  in te rm s  of 
re la tiv e  recom bina tion  freq u en c ies . T h ere fo re  u n til the gene input 
into cros se s  is  b e tte r  understood  it  w as decided to d isc a rd  fo r 
m apping p u rp o ses those  c ro s s e s  in any s e r ie s  in which the ra tio  of 
syn: ayn-t- w as g re a te r  than  3:1 o r  1:3 a t the p e rm iss iv e  te m p e ra tu re .
T his se lec tion  of re s u l ts  ap p ea rs  to have e lim ina ted  m any am bigu ities .
The da ta  fro m  one com plete  se t of re c ip ro c a l th re e - fa c to r  
c ro s s e s  w as u sed  to o rd e r  the m a rk e rs . The o rd e r  w as reasonab ly  
co n sis ten t in sp ite  of v a ria tio n  in the recom bination  freq u en cies  fo r a 
given p a ir  of m a rk e rs  in se p a ra te  rep e a t ex p erim en ts  and the da ta  
fro m  a s e r ie s  of two fac to r c ro s s  experim en ts fitted  w ell w ith the 
p roposed  order* The m ap which spans som e 25-30 m ap u n its  can 
be expected to extend w ith the  iso la tio n  of fu r th e r  m u tan ts and the 
iden tification  of new genes.
The plaque m orphology m a rk e r  has proved  m ost u se fu l in two
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re s p e c ts  in tha t it  has allowed the m onitoring  of output ra tio s  from  
m ixed in fec tions and it  has g rea tly  fac ilita ted  the m apping of the 
genome by p erm ittin g  th re e - fa c to r  c ro s s e s  to be m ade. By com paring  
the frequency  of syn and syn f p laques among the se lec ted  c la s s  of ts-f 
recom binan ts , the o rd e r  of the two ts  m a rk e rs  in te rm s  of th e ir  
p rox im ity  to the syn gene is  obtained. Taken to g e th er w ith the 
ca lcu la ted  recom bination  freq u en cies  th is  fa c ilita te s  the o rd e rin g  of 
the m utant s i te s  and g ives confidence in the m ap p a r tic u la r ly  w here 
the quantita tion  of the m ap d is tan c es  is  sub ject to som e v a riab ility .
With the availab le  m a rk e rs  the proposed  m ap p rov ides the b est 
fit of the d a ta  obtained. T here  is no evidence tha t the genetic  m ap 
of HSV is  o th e r than  lin e a r . The linkage d is tan ces  and the m ap o rd e r  
a re  p ro v isio n a l, but while it is  expected tha t m ino r m odifications m ay 
have to be m ade in the fu tu re , it is  not an tic ipa ted  th a t fu r th e r  
ex p erim en ts  w ill rad ic a lly  a l te r  the g e n e ra l fe a tu re s . The a lte rn a tiv e  
positions of the plaque m orphology m a rk e r  on e ith e r  side of t s j  
is  accounted fo r by the  fac t tha t since only one se lec ted  c la s s  of 
recom binan t is  sco red , the th re e - fa c to r  c ro s s  only p e rm its  the 
de te rm in a tio n  of which ts  m utant is  m ost p ro x im a l to syn but not 
on which side of the m utan t syn is  located . In co m parison  with 
o th er an im al v iru se s , recom bination  has been d em o n stra ted  in both 
RNA and DNA v iru se s , but only with Influenza v iru s  and Polio  v iru s  
has an a ttem pt been m ade to co n stru c t genetic m aps. With Influenza 
v iru s , a linkage m ap has been co n stru c ted  fro m  two fac to r  c ro s s  da ta
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involving ^ m u t a n t s  (M ackenzie, 1970). The recom bina tion  frequencies  
w ere  found not to in c re a s e  during the grow th cycle  and it w as p resu m ed  
tha t a single round of m ating took p lace e a r ly  in the grow th cycle.
However th is  conclusion  did not fit w ith the high R. F . values obtained 
and so it w as suggested  tha t m ultip le  rounds of m ating  m ight take 
p lace, followed by p rom pt encapsidation  of the RNA. High recom bination  
freq u en c ies  in  Influenza v iru s  had been encountered  p rev io u s ly  by 
Sim pson and H irs t (1968) and they postu lated  tha t the high va lues m ay 
be due to the o c cu rren c e  of subgenom ic frag m en ts  of RNA in the 
infected  ce ll. Sim pson and H irs t suggested tha t a t the  tim e  of v iru s  
m atu ra tio n  th ese  frag m en ts  m ight be exchanged and a ssem b led  in a 
random  fashion  and th e re fo re  the p robab ility  would be high th a t any 
given v irio n  would contain  genetic m a te r ia l  fro m  m o re  than  one p a ren t. 
T heir postu la tion  w as substan tia ted  by the finding th a t the RNA of 
the v iru s  s tra in  u sed  in the recom bination  stud ies could be reso lv ed  
into 5 o r  6 p ieces  by ac ry lam id e  gel e le c tro p h o re s is  (Pons and 
H irs t, 1968). At face  value the argum ent fo r genom e p ieces 
accounting fo r the high R. F . values seem s m ore  sound.
With HSV Type I we have found in se v e ra l c ro s s e s  in which the 
production  of ts+  recom binan ts  has been followed w ith tim e , that 
recom bination  freq u en c ies  in c re a se d  w ith tim e and followed fa ir ly  
c lo se ly  the tim e  co u rse  of grow th of the p a ren t v iru se s  involved in 
the c ro s s . It would ap p ear th e re fo re  th a t we a re  dealing  w ith m ultip le  
rounds of m ating , possib ly  involving progeny s tra n d s .
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Undoubtedly the m o st com prehensive  genetic  an a ly sis  of any 
an im al v iru s  is  tha t of Po lio  v iru s . By strin g en tly  con tro lling  the 
sy stem . C ooper (1968) obtained an additive lin e a r  genetic  m ap of 
Po lio  v iru s  ts  m u tan ts tha t com prised  one linkage group. The 
recom bination  freq u en c ies  w ere  found to be rep ro d u c ib le  and 
c h a ra c te r is t ic  of each  p a ir  of m u tan ts. T hree  fa c to r  c ro s s e s  w ere  
fac ilita ted  by the u se  of a  ta  m utant in a guanidine re s is ta n t  fo rm .
Like ou r plaque m orphology m a rk e r  it  w as advantageous th a t the *g* 
m a rk e r  w as found to be located  about the m iddle of the m ap. Maps 
involving o th e r m a rk e rs  than  ts  have a lso  been obtained fo r Polio  
v iru s  (B engstsson , 1968; H irs t, 1962). It w as shown th a t m ating  
even ts w ere  not o b lig a to rily  linked w ith rep lica tiv e  even ts and it was 
thought th a t m u ltip le  rounds of m ating did not occu r to any g re a t extent.
It is  thought th a t with Polio  v iru s  double s tranded  RNA is  a  p re re q u is ite  
of m ating even ts. As with HSY the doubly defective  ts  recom binan ts 
w ere  not looked fo r but the se lf  co n sis ten t n a tu re  of the m ap suggested  
tha t recom bina tion  w as re c ip ro c a l.
O ur recom bination  stud ies w ith HSV have by no m eans com e to 
an end. It is  hoped in the fu tu re  to :-
(1) E xtend the m ap following the iso la tion  of new m utan ts and 
if p o ss ib le  to d ispense  w ith those  m utan ts which a t p re se n t 
give r i s e  to p ro b lem s of in te rp re ta tio n  of re s u lts  due to th e ir  
leak in ess .
(2) Iso la te  the doubly defective  t£_ m utan ts and d e te rm in e  if it
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is  ju stified  in supposing tha t the double ts  m utant is  produced 
with the sam e frequency  as the ts+  recom binant.
(3) In conjunction w ith  (2) to identify  the four types produced 
in a ll  c ro s s e s  of the type ts+ syn x ts  syn+ and the re c ip ro c a l 
and d e te rm in e  the p ro p o rtio n s of each  c la ss  produced,
(4) D eterm ine  the  p a r t  played by non-in fec tious p a r tic le s  in 
recom bination  p ro c e s s e s  by con tro lling  the p a rtic le :p . f. u. ra tio s  
of v iru s  stocks taking p a r t  in a  c ro s s  and if p o ssib le  to m ake 
som e e s tim a te  of the am ount of non-infectious p a r t ic le s  taking 
p a r t  in a  c ro s s .
(5) D eterm ine  the  effect of d iffe ren ces in to ta l m . o. i. on 
recom bination  freq u en c ies  and of vary ing  the 1:1 ra tio  of the
two p a re n ts  tak ing  p a r t  in a c ro s s ,
(6) M onitor the tim e  co u rse  of production  of ts+  recom binan ts 
fo r a ll  po ss ib le  c ro s s e s .
(7) C a rry  out single b u rs t  ex p erim en ts  i . e .  by exam ining the 
p rogeny fro m  single c e ll  in fec tions to d e te rm in e  som ething 
m o re  about the p ro c e s s e s  of recom bination  and to see  if events 
in a single c e ll a re  com parab le  with those o b se rv ed  in a c e ll 
population.
During the recom bination  stud ies it becam e ap p aren t th a t the 
progeny v iru s , as w ell a s  containing syn and syn-f p laques, contained 
p laques of a m ixed m orphology i. e, p a rtia lly  syncy tia l and p a rtia lly  
non -syncy tia l. It has been shown tha t the p ro p o rtio n  of m ixed plaques
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obtained in  the progeny fro m  any one c ro s s  is m o re  than  could bo 
accounted fo r by the ov erlap  of two individual syn and syn+ p laques.
In co n tro l ex p erim en ts  p lating  m ix tu res  of tsX ayn x ts X sy n l- s tocks, 
the p ro p o rtio n  of overlapping  plaques in c re a se s  w ith in c re as in g  
plaque n u m b ers . In m ixed in fec tions of the type tsX ayn x tsY syn-f 
the p ro p o rtio n  of m ixed p laques in the progeny w as not re la te d  to the 
to ta l num ber of plaques* On fu r th e r  investigation  it w as shown that 
the m ixed p laques re p re se n t  s tru c tu re s  which seg reg a te  upon 
rep lica tio n  to produce p r im a r ily  tru e  b reed ing  progeny i. e. syn and 
synf ,  although a sm a ll p ro p o rtio n  do again y ield  m ixed p laques.
Mixed p laques could o rig in a te  fro m  clum ps of v iru s  p a r t ic le s , o r 
fro m  m ore  than one com plete  nucleocapsid  being p re se n t w ithin a 
single envelope. Sonic a t ion and heat inactiva tion  ex p erim en ts  
showed th a t the fa ll  off in m ixed p laques a fte r  son ication  o r  heat 
tre a tm e n t w as not sign ifican tly  d iffe ren t fro m  the inac tiva tion  p a tte rn s  
obtained with to ta l v iru s  and th e re fo re  it concluded th a t the m ixed 
plaques a re  unlikely  to be caused  by clum ps of p a r t ic le s ,  although 
the fac t tha t c lum ps of p a r t ic le s  could con tribu te  to a v e ry  m inor 
extent to  the fo rm ation  of m ixed plaques is  not com plete ly  ru led  out. 
U ltra -v io le t light inac tiva tion  stud ies showed tha t the inactiva tion  
cu rv es  of m ixed p laques w ere  not m ultip le  hit c u rv e s , as would be 
expected if the m ixed p laques w ere  due to m ore  than  one nucleocapsid  
within the sam e envelope. T h e ir ra te  of fa ll off w ith tim e p a ra lle led  
tha t of the to ta l population. R ecen t o b se rva tions have suggested
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th a t the frequency  of m ixed p laques is  a function of the ac tu a l 
m a rk e rs  u sed  in the  c ro s s .  C ro sse s  involving m a rk e rs  around 
the reg ion  of t s J  y ield  a  h igher p roportion  of m ixed p laques am ongst 
the t s f  p rogeny than do c ro s s e s  involving m a rk e rs  n e a r  the e x tre m itie s  
of the genetic m ap. T his co n stitu tes  suggestive evidence th a t th e ir  
fo rm ation  is  re la te d  to the  even ts which lead  to the p roduction  of 
recom binan ts and it  is  suggested  th a t on the evidence to date  that 
m ixed p laques m ay be due to som e fo rm  of p a rtia lly  he terozygous 
p a rtic le .
The o c cu rren c e  of he te rozygo tes and in fac t m ixed plaque 
he terozygo tes w as f i r s t  reco g n ised  in the bacteriophage  T2 by H ershey  
and C hase (1951), The g en e ra l fe a tu re s  of he terozygo te  a d e sc rib e d  
by H ershey  and C hase and la te r  w o rk e rs  w ere  as follow s:»
(1) They w ere  not r e s t r ic te d  to any p a r t ic u la r  p a ir  of a lle le s  
but w ere  found to  a r is e  w ith the sam e frequency , about 2% of 
the p rogeny , w ith re sp e c t to ev ery  locus exam ined.
(2) Two types of he terozygo te  a re  possib le  (a) he terozygous 
fo r m ore  than one locus o r  (b) he terozygous fo r one locus and 
hom ozygous fo r o th e rs .
(3) By sco ring  the frequency  of o c cu rren ce  of double he te rozygo tes 
as a function of the d istance  betw een two m a rk e rs ,  the average  
length of the hete rozygous reg ion  was e s tim a te d  to be approx im ate ly  
1% of the DNA m olecule  length,
(4) When c ro s s e s  a re  m ade betw een v iru se s  which d iffer by th ree
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m a rk e rs , p a r tic le s  he terozygous fo r the m iddle m a rk e r  ap p ea r 
to be recom binan t fo r the outside m a rk e rs .
(5) The he te rozygo tes re p re se n te d  in te rm ed ia te  s tru c tu re s  
in the recom bination  p ro c e ss . They a re  being fo rm ed  as a 
n o rm a l stage in the production  of recom binan ts; they  a re  
continuously  being m ade in the m ating pool and a re  lo s t a t the 
sam e ra te  during  seg rega tion . What o f  the p h y sica l n a tu re  of 
the he terozygous reg ion?  With the T -even  phages two m odels 
have been proposed  to explain  the fo rm ation  of he terozygous 
p a r t ic le s . The f i r s t  of th ese  is  a  he terodup lex  m odel, 
re p re se n te d  by a covalently  bonded DNA m olecu le  containing 
a lim ited  heterozygous reg ion  in which each  of the  two 
com plem en tary  polynucleotide chains c a r r ie s  one of the two 
p a re n ta l a lle le s .
r+
The he terozygo te  would evidently  seg reg a te  into hom ozygous r  and ^  
recom binan ts upon sem ico n se rv a tiv e  rep lica tion .
The second m odel which sa tis f ie s  the req u ire m e n t is  a te rm in a lly  
redundant he te rozygo te .
, r  D E F A B C  r+
D uring rep lica tio n  in the infected  c e ll, genetic recom bination  
can p roceed  w ithin the reg ion  of te rm in a l redundancy of two daugh ter
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m o lecu les , giving r is e  to m o lecu la r co n ca to m ers . T hese then have 
to be cut into v iru s  genome sized  p ieces . If the cutting p ro c e ss  s ta r ts  
to take  i ts  m e a su re  of genom e length  alw ays fro m  the sam e site , 
then  only one kind of te rm in a lly  redundant v iru s  genom e a r is e s .
Hence te rm in a lly  redundant he te rozygo tes a r is e  only fo r genes 
res id in g  in th a t se c to r . If how ever the cutting p ro c e s s  o c cu rs  
random ly then th e re  would a r is e  a  co llec tion  of v iru s  genom es whose 
te rm in a l redundancy would be c irc u la r ly  perm uted  and hence redundancy 
h e te ro  zygote 8 could a r is e  fo r any one gene. The la t te r  c a se  is tru e  
fo r the T even phages.
The he te ro  zygotes w ere  found to contain n o rm al double s tranded  
DNA and it  would not be su rp ris in g  if s im ila r  events o c c u rre d  in 
an im al v iru se s  containing double s tranded  DNA. The HSV m ixed 
plaques do ap p ea r to have som e p ro p e rtie s  in com m on with phage 
hete ro  zygote s : «
(1) They a re  produced  in c ro s s e s  of the type syn % syn-f, 
ir re sp e c tiv e  of the o th e r m a rk e rs  taking p a r t  in the c ro s s .
(2) The m ixed p laques seg reg a te  into syn and syn-f p laques 
w ith in som e c a se s  a sm a ll p ropo rtion  of the p laques rem ain ing  
m ixed.
(3) F ro m  p re lim in a ry  ex p erim en ts , it would ap p ear th a t the 
v ira l  genom e giving r is e  to m ixed p laques a re  hom ozygous fo r 
ou tside  m a rk e rs .
(4) The frequency  of the m ixed p laques produced in a c ro s s
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syn X syn-f ap p ea rs  to depend on the ts  m a rk e rs  taking p a r t  
in the c ro s s .  (T his is  not tru e  fo r the T even phages but is  
tru e  fo r T l).
This investiga tion  into the n a tu re  of m ixed p laques is  v e ry  m uch 
in i ts  infancy. We fee l fa ir ly  c e r ta in  tha t fo r the m o st p a r t  they 
a re  not due to clum ps of p a r t ic le s  o r  s tru c tu re s  of th a t n a tu re . This 
w ill be m o re  rea d ily  te s ta b le  when a m ethod of a r tif ic ia lly  clum ping 
HSY p a r t ic le s  h as  been developed. In th is  way the sonic a t ion, 
heat inac tiva tion  and U. V. inactiva tion  re s u l ts  w ill becom e m ore  
m eaningful. F ro m  th ese  p re lim in a ry  investiga tions we would suggest 
tha t m ixed p laques m ay foe due to s tru c tu re s  in te rm ed ia te  in the 
recom bination  p ro c e s s . When m o re  investiga tions of a  genetic  n a tu re  
have been c a r r ie d  out, it is  hoped to p ropose  a m odel fo r the 
he terozygous reg ion .
143.
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